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ABSTRACT
Recently there has been growing interest in alternatives to Li-ion battery systems. Metalair batteries are a considered a promising alternative. Zn-air systems possess a number of
advantages over Li-based systems however face a number of challenges particularly at the
negative Zn electrode. Dendrite growth, passivation and electrode shape change all lead to
declining performance and ultimately failure of the cell. This study of Zn electrochemistry
alkaline electrolytes was done using in situ electrochemical Scanning Transmission Electron
Microscopy (ec-STEM) and Electrochemical Quartz Crystal Microbalance (EQCM) to study
fundamental processes during Zn deposition, dissolution and electrode passivation. Using ecS/TEM experiments to study Zn deposition a mechanism for Zn dendrite propagation during
cycling via particle detachment during discharge steps was developed and proposed. This was
also used to explain capacity fade during cells over long term cycling as detached particles are
not able to contribute to the capacity of the cell. EQCM was used to study dissolution and
passivation of Zn in 1, 4 and 8 M Potassium Hydroxide solutions. Native oxide layers were
found to present in the solutions saturated with Zn(OH)42- [Zinc Tetrahydroxide] ions while the 4
and 8M solutions half saturated with Zn(OH)42- were found not to form an oxide layer and only
corrosion of the Zn electrode occurred. Mechanisms of passivation was determined to shift with
pH of the solution. At low concentrations of OH- [Hydroxide]in the solution an adsorption
mechanism where passivating ZnO is formed directly on the species occurs. At high OHconcentrations the dissolution and precipitation mechanism of passivation occurs. At
intermediate concentrations both participate in the passivation of the electrode. Indicating that
researchers need to build their passivation management strategies based on the solution they are
v

using. Finally carbon felts were studied for their potential as negative electrodes in a Zn-air flow
battery. It was found that they exhibit high current densities at low overpotential, good cycling
stability and lifetime. It was observed that IR drop in the felt determines where deposition
occurs and flow conditions need to be optimized.
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CHAPTER 1:
INTRODUCTION

1

Motivation

With the advent of large scale renewable energy sources, the demand to store
power from these often intermittent sources is growing significantly [1]. Two sectors are
of particular interest: grid level storage and storage for use in transportation. Current
commercial battery technologies cannot fill these voids, which has been limiting the
transition to alternative energy sources[1], [2]. Lithium-ion (Li-ion) batteries’ specific
energy density is not yet high enough and theoretical maximums are not large enough for
transportation applications, even if these maximums are ever reached[1], [3]. Weight,
range and overall performance have been limiting factors in the penetration of electric
vehicles into commercial markets and are limiting the use of available renewable
resources [4]–[6].

Recently, interest in batteries with configurations other than commercially
standard Li-ion has grown significantly, particularly to deal with shortcomings of the Liion system, such as less than desired specific energy density, low specific power density,
and volatile cell chemistry [6]–[9]. One solution has been Metal-air batteries which
reacts oxygen from the atmosphere with the charge-carrying ion at the cathode site,
which acts as a porous catalyst that allows the oxygen in and provides a site for the
electrochemical reaction to occur[6], [7]. This setup provides high theoretical specific
capacity as it removes what tend to be very heavy cathode materials from the system as
seen in Figure 1-1 below. Further, they have versatile configurations that allow for
scaling of applications to the desired demand. The holy grail of these applications is the
2

Figure 1-1: Specific Energy of Various Secondary Battery Technologies

3

Li-air system, which would rival the power and energy density of gasoline but has
not approached required bench marks for commercialization[10].

Zinc-air (Zn-air) systems of the other metal-air batteries would represent a
significant step forward in energy storage ability, potentially bridging the gap until Li-air
or other higher energy density technologies can be brought to commercial adoption. Zn
batteries have a theoretical specific energy density of 1086 Wh/kg, with a theoretical
operating voltage of 1.65V, though practically, only 500 Wh/kg and 1.2V have been
achieved[8]. While the theoretical capacity and operating voltage puts Zn-air systems on
the lower range of energy density and operating voltages for air batteries, there are
several key advantages to the Zn-Air system. First, the overall cost of materials for an
alkaline setup is estimated to be $1.85 per kg in 2014 dollars, compared to $2.75/kg for
Mg-air and $68/kg for Li-air[8]. Furthermore, material abundance, long shelf life,
relatively high stability, low environmental impact, and most crucially, the fact that in the
aqueous alkaline system there is no need for noble/precious catalysts for operation, all
make Zn-air batteries a very attractive option to replace standard Li-ion and other closed
cell batteries[1], [7], [8].

Of any of the rechargeable air-batteries it would appear that Zn-air is the nearest
to commercial adoption and widespread use [8]. These systems have been studied for
decades as they were part of the motivation for the Bockris study of Zn deposition during
the late 1960s, and in the early 1970s there was an early attempt at the development of
Zn-air technologies [11]–[13]. Primary Zn-air batteries have been used for a number of
4

mobile applications, such as hearing aids, for decades and transition to secondary systems
has been researched heavily in the last 10 years.

Yet, there are many areas that require improvement as the cell is cycled, including
reducing shape change of the anode morphology, improved current output during
discharge, and reduced dendrite growth, all of which contribute to the lifetime of the
battery[7].

Zinc-Air Batteries

Zn-air batteries have a variety of configuration types based on the cell electrolyte
[7]. The system that will be utilized here is an aqueous alkaline system as it is well
studied, relatively easy to work with, and generally the convention for Zn-air systems [1],
[7], [8].

Overall Operation

Alkaline Zn-air batteries, as diagramed in Figure 1-2, operates as follows. Oxygen
comes into the cell through the air-catalyst cathode site and reacts with water to form OH[7]. From here, the OH- groups move toward the anode, passing through a polymer
separator designed to prevent contact between the two electrodes and avoiding a short
[8]. Then, Zn2+ ions that have been removed from the generally pure Zn anode react with
the OH- minus groups to form Zn(OH)2-4, called Zincate, and eventually form ZnO [1],
[7], [8].

5

Figure 1-2: Schematic of Aqueous Alkaline Zn-Air Battery [2]

6

Zn-Air Battery Cell Reactions:
Anode: Zn => Zn2+ + 2eZn2+ + 4OH- => Zn(OH)2-4

E0= 1.25V

Zn(OH)2-4 => ZnO + H2O + 2OHCathode: O2 + 2H2O + 4e- => 4OH- E0 = 0.4V

Overall Reaction: 2Zn+O2 => 2ZnO E0 = 1.65V

The reaction on the anode is complex and, despite being studied since the mid1950s for Zn electroplating in the metals industry, is still not understood as well as it
should be [8], [14]. ZnO formation only occurs when Zincate saturates the electrolyte
and complicates the deposition process[8]. Further, a parasitic side reaction can occur
that evolves hydrogen, creating further complications and potentially dangerous
conditions. This reaction occurs as follows[1], [8]:
Parasitic reaction: Zn + 2H2O → Zn(OH)2 + H2

High levels of hydrogen have been linked to dendrite formation and other
detrimental products during deposition of Zn onto the electrode [1], [15]. The parasitic
process may lead to less ideal surface structures and morphologies that cause or
encourage dendritic growth types[8]

7

Issues of Zn-Air Batteries

Each component experiences issues that decrease the performance of the cell and
requires improvement. The Z group has worked in has worked on each: the reversible air
catalyst, anion exchange membrane separator, and the Zn anode. All of the components
experience degradation during cycling due to different effects that lead to reduced
performance and eventual failure of the cell. The air-catalyst has largely experienced
issues generating the efficiency in both directions of the oxygen reduction and evolution.
One or the other can be done efficiently but both in the same system has proved
challenging. The Anion Exchange Membrane (AEM) is often too resistive to allow for
sufficient ionic exchange between the anode and cathode. reducing the maximum power
ouput of the syestem. Zn electrode experiences two major phenomena, passivation and
dendrite growth, which lead to shape change of the electrode’s morphology. This
changes the behavior of the electrode and reduces the overall cyclability of the cell as a
whole. The issues of the Zn electrode are the focus of this dissertation and will be
discussed in greater detail further on.

Zinc Electrode

The issues at the Zn electrode fundamentally are two processes: the formation of
dendritic structures during charging and passivation on the electrode surface during
discharge. Dendritic growth prevents the battery from being recharged as quickly as
would be desired, since increased overpotentials and current density are linked to
increased dendrite formation. Passivation prevents discharge from occurring at high
8

rates, reducing the power output from the battery. Further, passivation has been linked to
the shape change of the electrode as the passivating film covers the electrode
inconsistently. As a result, material removed varies throughout the electrode. Over time,
this morphology change prevents the electrode from fully utilizing the material in it,
increases the impacts of passivation on subsequent cycles, and increases the chances of
dendrite growth.

Passivation

Recently, a comprehensive review of Zinc passivation was published by
Bockelmann et. al. that discusses the current state of passivation knowledge in the
literature[16]. Their conclusions are that beyond the fundamentals that a ZnO or
Zn(OH)2 film forms on the surface of the electrode, there is no current consensus on the
formation of the film. Studies already conducted at similar experimental conditions
showed dramatically different results from their work. Bockelmann et al. express a need
for systematic studies of the surface of the electrode with precise control of the potential,
the concentration of OH- and zincate near the electrode, temperature, and composition of
the electrolyte to better illuminate what is occurring during passivation[16].

There is no agreed-upon mechanism of passivation for Zn in alkaline aqueous
electrolytes. There are currently three primary models for which Zn passivation is
thought to occur in these systems: dissolution and precipitation, adsorption, and
nucleation and growth[16].
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The dissolution and precipitation model originally proposed by Szpak, considers
passivation to be a function of mass transport away from the Zn electrode[17]. Here
dissolution proceeds relatively fast compared to the relatively slow diffusion rate of Zn
ions in solution. This causes a build of Zn near the electrode which precipitates on the
surface of the electrode as ZnO once the saturation point is reached[17], [18]. The
adsorption model, proposed by Breiter and others, considers that as dissolution occurs,
two pathways open up for the oxidation of Zn depending on the potential applied[19],
[20]. After the critical potential is exceeded, oxidation reaction produces both soluble
zincate species and adsorbed insoluble Zn(OH)2 and ZnO species on the surface, which
eventually cover it, passivating the electrode[19], [20]. The nucleation and growth
mechanism proposed by Kaesche and others, considers that at the critical potential, ZnO
begins to nucleate directly on the surface and grows until it covers the surface[21], [22].

Passivation of the electrode does not fully prevent current from being passed, as
the film would be thought to be porous, and indeed a number of studies have suggested
and shown through various techniques that the film is porous[16], [23]–[26]. Depending
on the study conducted, researchers suggest that there are between 1 and 3 films that form
during passivation, taking various compositions and mechanisms of formation. Most
commonly though, it is perceived that an outer film is formed on the surface of the
electrode during dissolution and an inner, more compact film forms below it, causing a
passive layer to form on the inside of the outer film. The passive layer is removed after
potential has been brought sufficiently negative again, approximately -1.35 V vs Hg/HgO
[27], [28]. While passivation is considered at least dominated by mass transport issues,
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the removal of the passivation layer itself is not mass transport dependent but potential
dependent.

Proposed Mechanisms of Passivation

Dissolution Precipitation

As diagramed in Figure 1-3, dissolution precipitating mechanisms have zincate coming
off the electrode until the concentration of the zincate near the electrode reaches its
saturation point near the surface. At this point, the zincate starts to form ZnO, which
precipitates onto the electrode. This is considered to be a porous outer layer of film that
allows for the continued dissolution of Zn from the surface. As this layer limits and
prevents the diffusion of OH- to the surface, direct oxidation of the electrode starts to
occur, forming ZnO directly on the surface. This is considered the final passivating layer
that forms on the interior of the initial film and causes the current to drop significantly.

Adsorption

Adsorption supposes that passivation is a function that occurs after a certain
potential is achieved where the film starts to form. Here, passivation occurs as a result of
an adsorbed ZnOH species on the surface that can form a soluble surface layer of ZnO
that can be consumed by OH- in solution. Passivation occurs when Zn ions cannot
diffuse through the surface film to meet the demands of the anodic current being drawn.
The film here is assumed to be a series of ZnO monolayers forming on top of each other.
Figure 1-4 details the overall reaction.
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Figure 1-3: Schematic of Dissolution and Precipitation Mechanism. Reprinted from Bockelmann et al
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Figure 1-4: Adsorption Model Chemical Reaction Pathways. Reprinted From Bockelmann et al.

13

Nucleation and Growth

In this model, as in the adsorption model, passivation is initiated after a certain
potential is reached. Here, instead of an adsorbed species forming, the oxidizing film Zn
is immediately made into ZnO alongside direct Zn dissolution. Passivation occurs as the
nucleated ZnO form and grow into each other, covering the electrode. Passivation can be
delayed if there is sufficient transport of OH- to the surface that can dissolve the ZnO on
the surface and prevent ZnO film from covering the surface completely. The reaction
pathway is shown below.
Zn + 2OH-  ZnO +H2O +2e-

Zinc Anode Chemistry and Electrochemistry
The formation of Zn insoluble ‘passive’ layers on the surface of Zn electrodes has
been observed for years and studied by numerous groups but a detailed understanding of
their formation and composition has not been developed[16], [23]. To resolve the
disputes in the literature it is necessary to understand what chemical species are present in
the solution and the possible reaction mechanisms involved during both deposition and
dissolution of Zn.

Zn/Alkaline Chemistry

Zn takes on a variety of chemical species in alkaline solutions. In greater than 1M
OH- solutions, the dominant form is Zn(OH)42-, commonly referred to as Zincate [23].
14

This was confirmed by Raman spectroscopy studies done initially by Fordyce and Baum
and then confirmed by Hampson and others[29]–[31]. Zn(OH)3- and Zn(OH)2 are also
present in solution but at much lower concentrations, as can be seen in Figure 1-5 that
displays the comparative equilibrium of Zn-hydroxide species in alkaline solutions as a
function of pH.

Solubility is shown in Figure 1-6. At 1M KOH solution, the Zincate complex has
a relatively low solubility of 20mM Zn, which rises to 1M Zn in the 8M solution.
Additionally, the diffusion rate of zincate in solution is reported to 4.8 x 10-6, which is an
order of magnitude slower than OH- ions in the solution[32]. This varies with pH of the
electrolyte increasing until about 8M OH- solutions after which it declines slightly likely
due to viscosity effects.

There is little observed variance between the behavior of Zn in KOH and NaOH
(the two most common electrolytes used in these studies), showing slight differences in
the size of the complex due to the cation present in the solution. But it does not
drastically change the diffusion rate, and as such, KOH and NaOH are assumed to be
interchangeable electrolytes.
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Figure 1-5: Distribution of Zn species in alkaline solutions as a function of pH at 25 oC reprinted
from Bockelmann et al. [15]
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Figure 1-6: Solubility of Zn2+ as a function of KOH concentration at 25oC. Reprinted
from Zhang[22].
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Reaction Mechanisms

Zn in KOH electrochemistry was first studied by Dirkse in the mid-1950s when
he proposed a method for Zn complexation, or what is referred to here as Zincate[14].
This was later confirmed to be the dissolution species of Zn ions while in alkaline
solutions [29], [33]. Due to differing observations in electrochemical data, there is not a
consensus on the method of how the Zincate complex forms after dissolution[34].
Brockris et al. proposed the following method for dissolution of the anode, which has
only been proven for transient conditions[12], [23]:
Zn + OH- => Zn(OH) + eZn(OH)+ OH- => Zn(OH)-2
Zn(OH)-2 + OH- => Zn(OH)-3 + e- (rate determining step)
Zn(OH)-3 + OH- => Zn(OH)2-4

It has been suggested that another reaction mechanism occurs during dissolution.
This reaction method focuses on the impact that kinks and ledges have on the
electrochemistry, making the process heavily dependent on crystallographic orientations
and surface construction. The proposed reaction developed by Hampson et al. is as
follows[34]:
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Znkink + OH- => Zn(OH)-ads (rate determining step)
Zn(OH)ads => Zn(OH)ads+ eZn(OH)-ads + OH- => Zn(OH)-2 + eZn(OH)2 +2 OH- => Zn(OH)2-4

The charge transfer coefficients for the Hampson experiment suggest that the
dissolution and deposition reactions are not the same[34]. Cachet et al. studied the
kinetics of the reactions and determined that kinetics for each reaction is vastly different
for both the deposition and dissolution processes that occur, which is why charge transfer
for the dissolution process occurs much faster than in the deposition process[24], [35].
Additional mechanisms have been suggested for Zn deposition and dissolution. These
are shown below in Figure 1-7 with their kinetic information as presented by Zhang[23].

The conclusion from the literature is that Zinc deposition and dissolution can
follow different reaction mechanisms depending on the experimental conditions present,
leading to vastly different reaction products, with properties of the electrolyte and solute
changing the conditions under which deposition occurs[23], [34].
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Figure 1-7: Various proposed Mechanism of Zn deposition and dissolution in alkaline solutions and their
kinetic properties. Reprinted from Zhang
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Other Considerations

Diffusion Through a Porous Film

Regardless of passivation mechanism, the literature agrees that the passivation
film is a porous oxide. Cachet et al. published work based on impedance spectroscopy
that suggested that the surface in both active and passive dissolution is a porous film
comprised of pore walls of a mixed Zn and Zinc oxide that are conductive with a reactive
layer of Zn+, This is diagramed below in Figure 1-8. Zincate ions form in the pore and
diffuse out of the pore, though some of the zincate precipitate into oxides before they can
be transported out of the layer of the pore. The pore size determines how quickly the
zincate travels out of the pore. Thus, as the pore increases in size, the possibility of
passivation increases since the pore concentration of Zincate increases, which causes the
precipitation of ZnO into the pore. The reactions occurring during dissolution are
summarized as,
Zn Zn+ + eZn+  Zn2 + e-

The porous structure of the film and the mix composition of Zn and ZnO would
suggest that if the ZnO were removed from the surface, a roughened surface of Zn would
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remain around where the pore formed, which would in turn cause a better surface for
dendritic growth to occur.

Native Oxide

There are several studies that suggest a native oxide layer exists on the Zn
electrode in alkaline solutions. This is corroborated by EIS and Raman spectroscopy
studies, among others. It is through this porous oxide that deposition and dissolution of
Zn occurs. The nature of this oxide is not well defined. It is observed to exist at low
cathodic overpotentials inhibiting early stages of deposition. Its occurrence during
anodic potentials is not discussed in the literature but would be implied. The formation
of the oxide is observed to change in nature depending on the electrolyte formulation the
Zn electrode is exposed to. In alkaline solutions, the general observation is the formation
of a porous or compact film on the surface depends on the amount of zincate present in
the solution. Increased zincate leads to a more compact film.

It is unclear to what extent current models of passivation take into account the
existence of a native oxide layer on the surface.

Film Type

There are considered to be three types of oxide films that form on the surface
during passivation of the Zn electrode, depending on the experimental conditions that are
present during passivation. Type 1 is white and porous, formed by the precipitation of Zn
species out of a supersaturated layer of electrolyte near the electrode. Type 2 forms
22

Figure 1-8: Schematic of diffusion through porous layer in dissolution. Reprinted from Bockelmann et al.
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directly on the surface of the electrode and is observed to be darker in color than the type
1 film. Type 2 film is considered to be the film that ultimately causes passivation of the
electrode. Type 1 film is thought to be much more related to mass transport, as it is not
observed in the presence of convection. Only type 2 film is observed in the presence of
convection, indicating that type 2 is partially kinetically controlled.

Type 3 is a more recently proposed type and suggested as the passivating
structure on the electrode rather than type 2. This layer is presumed to be a compact ZnO
layer on the surface formed either through a nucleation and growth or adsorption type
mechanism as described above.

Dendrites

A primary concern in Zn air batteries is high cyclability and quick recharge
rates, which has yet to match Li-ion or other standard rechargeable batteries in either
category[6]. In particular, the growth of dendrites during recharge is prevalent in Zn
systems[1], [7], [8]. Dendrites can lead to the reduction of total capacity and
eventually to shorting of the battery.
Monroe and Newman wrote in 2004, “whether above or below the limiting
current, each theoretical propagation study listed suggests that dendrite growth cannot
be prevented once a system has reached the propagation regime. Therefore, analysis
of initiation phenomena remains the only available route to find conditions which
prevent dendrite formation”[36]. This emphasizes the need to study how the initial
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processes that form dendrites work as well as the conditions that cause them, or
engineer electrodes that are not affected by the growth of Zn dendrites.

Current methods to address dendrite growth have been focused on varying
parameters in a battery and seeing if dendrites stop forming or form slower [1], [7],
[8]. The proposed study here focuses on the how and the why of dendrite growth and
will provide insights into their initial formation, allowing researchers to target their
efforts to methods that have a greater chance of working.

Dendrite Growth Fundamentals

Dendrite growth is a relatively common phenomenon that occurs naturally in
many systems and can be observed and synthesized relatively easily[11], [37]–[44]. Its
occurrence has been studied to some degree, though mostly for conditions that lead to the
appearance of dendrites, rather than a fundamental cause or propagation [11], [13], [45]–
[47].

In Zn systems, there are two common types of dendritic growths: dendrites and
mossy growth which are displayed in figure 1-9 [34], [47], [48]. Full on dendrites are
classified here as a growth that extends much farther beyond the deposition product in its
region and often beyond the linear diffusion layer that forms during deposition. Mossy
growth can be imagined as a forest of dendrites that grow together and are of a similar
size and distance from the electrode. Mossy growth becomes interconnected as the
branches of the individual dendrites grow into each other and become a web like moss,
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Figure 1-9: On the left mossy growth from Zn deposition [1] On the right full dendrites grown out of
alkaline solution [2]
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thus the name. Both growth types change the deposition and dissolution kinetics, thus
changing how the battery operates and potentially increasing hydrogen production[34],
[48]. Mossy growths tend to break off the anode easily, reducing the effective capacity
as the anode can no longer access that material to move charge[34].

Zn systems produce relatively ordered dendrites. Typically, these are single
crystals that grow in the 1̅21̅0 directions[11]–[13], [47]–[49]. Branching occurs along
the same growth direction as the main stem, and side branching is uncommon[11]–[13],
[47]–[49]. Since these are single crystalline type structures, twinning does not typically
occur

Once the dendrite has initially formed, dendrite growth is commonly viewed to
occur as a result of diffusion-limited aggregation (DLA)[23], [34], [36], [43]. Barton and
Bockris described a mechanism for dendrite formation and growth in the 1960s and
1970s, eventually proposing a mathematical model for Zn dendrite growth out of alkaline
solutions[9]–[11], [34]. This model matches current observed data on the subject, but no
studies to date have been done to observe this model on a nanoscale level, and several
studies have questioned some of the underlying principles of the model[23], [34].

Shape Change

During cycling of the battery, the Zn electrode undergoes a change in its
morphology and structure. Over time, this fills in the pores of otherwise porous
electrodes, which limits the region current can be drawn from in the electrode,
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concentrating its active region to near the membrane separator. This eventually limits the
capacity of the battery and reduces overall performance. A number of studies have looked
into this phenomenon and have concluded that in general, shape change is the result of
poor mass transport properties in the Zn electrode[50]–[54]. Primarily it’s the OH- and
Zincate transport rates, which differ by an order of magnitude, that contribute to the
imbalance of species at the electrode during charging and discharging. Notably, Deiss et
al endeavored to model the electrode during cycling experiments computationally and
concluded that OH- transport limitations caused pores to close off [50]. This then
concentrated the activity of the electrode to the region nearest the membrane, reducing
the overall performance of the electrode.

Electrode shape change contributes to the formation of dendrites and electrode
passivation by accentuating the mass transport limitations of the Zn-alkaline system[55],
[56]. Shape change often leads to a roughened surface, which also allows for increased
dendrite growth. The concentration of electrode activity allows the buildup of Zincate
species to occur faster, leading to passivation of the electrode. These processes further
contribute to further shape change as they add and remove Zn from the electrode
unevenly, increasing the rate of shape change.

Shape change of the electrode is the culmination of the poor mass transport
properties of Zincate, dendrite growth (uneven deposition), and passivation working
together on the electrode. As they do, they build their impact on the overall battery,
leading to quicker failure of the cell than if they were acting alone.
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Prior Methods of Improving Performance

There has been interest in improving the cycling performance of Zn electrodes in
alkaline systems since the 1970s when Ag-Zn batteries were being widely studied in an
attempt to develop them[23]. These efforts thus far have been limited, as the
fundamental reactions occurring at the electrode have not been sufficiently explored. The
three main methods for modifying the behavior of the Zn electrode to improve
performance are additives that impact the deposition and dissolution behavior, modifying
the structure of electrode, and adding electrolyte flow.

Additives

Additives have been among the most common approach to improve performance
either to reduce dendrite growth, limit hydrogen evolution during charging, to delay
passivation of the electrode during discharge, and reduce shape change over long-term
cycling. Additives have generally been shown to improve performance of the electrode
with respect to one of these aspects. The lack of understanding in the basic mechanisms
of the Zn electrode as outlined previously inhibits the optimization of additives. These
additives are numerous in their form and effect. A number of papers review them in a
more complete version than what is allotted for here and can found in the following
references[1], [57], [58]. Several of note that is commonly used will be discussed here
are carbon, bismuth and CaOH. Each addresses issues in the system in different ways.
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Carbon is used to improve internal conductivity of the Zn electrode, reducing
hydrogen evolution and increasing the utilization of the entire electrode volume[59], [60].
During experimentation, various carbon types (carbon black, graphite, acetylene black
and carbon nanotubes) have been shown to increase the discharge capacity, power
density and cycle life. Additionally, they have been shown to reduce the prevalence of
dendritic growth and other negative shape changes. This is due to a more even
distribution current passed through the electrode resulting in more even deposition and
dissolution as well. Finally, by reducing the ohmic losses in the electrode. the potential
required to maintain the desired current and the potential required to conduct deposition
are reduced, reducing the hydrogen evolution that occurs along with deposition.

Bismuth has been shown to dramatically reduce the prevalence of dendritic
growth in Zn electrodes, while also reducing hydrogen evolution [58], [61]–[63][58].
Observations of Zn deposition in the presence of Bi deposits in the electrode are shown to
create a depositing structure. This is possibly accomplished by improving surface
diffusion of Zn so that Zn can migrate more readily and provide a smoother surface[61].
This prevents large deposits from growing away from the surface of the electrode and
producing dendritic type structures. Additionally, it has been suggested that on an
electrode coated with a Bi layer, Zn migrates through the Bi layer rather than forming
deposits on the surface[61]. This would provide a protective layer to prevent corrosion of
the electrode and reduce hydrogen evolution.
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Calcium hydroxide (CaOH) is possibly the most commonly used additive[8], [57],
[64], [65]. It has been shown to dramatically decrease shape change of the electrode by
reducing the solubility of zincate in solution and preventing diffusion of Zn away from its
starting point. It does this by forming Calcium-zincate species (Ca(OH)2* 2Zn(OH)2 *
2H2O) that are insoluble. This then restricts buildup or depletion of Zn active species in
any part of the electrode thus preventing dendrite growth, and shape changes in
morphology. This has been shown to increase the cycling lifespan of Zn electrodes[65].

Electrode Structure

While plate Zn can be used, the structure of the Zn anodes in battery systems is
often a porous structure of either Zn or ZnO that is held together with a polymer binder
[50], [56], [66]. By and large, these have high internal resistance, poor mass transport
properties, and pore structures that are easily clogged, blocking off active material from
the reactions[50]. The rough and irregular nature of the electrode allows for uneven
deposition and dissolution during cycling. This promotes electrode shape change,
passivation, and dendrite growth, overall limiting the performance and cycling lifespan of
the battery.

Recently Rolison et al. have produced newly designed electrodes termed a 3D Znsponge, that demonstrates improved performance by creating a network of connected Zn
cores covered with ZnO[67], [68]. This has dramatically improved the electrode
conductivity, removed the impact of dendrite growth and provided long cycling at high
current densities of 24mA/cm2. Other groups have recently utilized Cu foams, Zn fibers
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and Zn dendrites as a support structure for the Zn electrode and have shown promising
improvements in battery performance, particularly when coupled with flow[56], [66],
[69], [70].

Electrolyte Flow

Electrolyte flow has been utilized in several studies recently to reduce the mass
transport based issues of the Zn electrode[69], [71]. It has been shown to dramatically
improve the overall performance of the cell with 50mA/cm2 of cycling current density
from Bockelman et al. Flow has been applied to a number of Zn based chemistries, most
notably Zn-bromine as used for large scale flow battery applications, but flow has been
applied to other Zn-metal/air battery systems to improve the overall performance of the
electrode[66], [70]. These have utilized both a flat Zn plate as the electrode and various
metal foams that allow flow through the interior of the electrode. Universally, these
studies have been shown to improve the performance and lifetime of cells in these
conditions. More work needs to be done to optimize the flow conditions and
performance of the electrode under these conditions.
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CHAPTER 2:
METHODS AND MATERIALS
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EQCM

Zn thin film quartz crystal electrodes were made depositing 100 nm of Zn via rf
magnetron sputtering under an Ar environment using 30 W and 0 W reflected power at
20 mTorr and 5 cm target-to-substrate distance. The deposition rate was 0.5 A, which
produced a smooth silver-like mirror deposit. The deposition was done atop a Au-coated
AT-cut quartz crystal (5MHz resonance, SRS) using a custom mask that matched the
electrolyte side of the crystal. For the 4M and 8M KOH experiments 420nm of Zn was
deposited onto the Au coated quartz crystals.

The electrolyte solutions were made from mixing reagent grade KOH from Sigma
Aldrich in de-ionized water, to produce 1,4,8,M KOH solutions. Reagent grade ZnO
(Sigma Aldrich) was then added to the 1M KOH solutions to produce 20 mM and 10 mM
concentrations of Zn(OH)4-2 to produce 1M KOH zincate solutions that are fully and half
saturated respectively. The same ZnO was added to the 4M to produce.3M and .15M
concentrations of Zn(OH)4-2 to produce full and half saturated solutions. And again to
8M KOH to produce 1M and .5M concentrations of Zn(OH)4-2 to produce the full and
half saturated solutions These solutions will be referred to as the electrolyte or zincate
electrolyte throughout the remainder of the paper. Experiments were conducted in a
50ml glass cell modified with a mouth to clamp onto a QCM holder. The reference
electrode was a Zn wire encased in PPE with a polished face of 1.5mm2 exposed to
electrolyte. The counter electrode used was Zn plate.

Ar gas was bubbled through the electrolytes for over 30 min prior to
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measurements and allowed to continually flow atop the solutions during measurement.
Cyclic voltammograms were recorded on a Bio-Logic SP-240 potentiostat and the QCM
response was measured using an oscillator and frequency counter (QCM200, SRS).
Motional resistance and frequency changes of the quartz crystal were collected
simultaneously by the QCM200. The QCM converted the frequency shift and resistance
to voltages that were recorded simultaneously with the voltammograms using the analog
inputs on the SP-240.

In Situ Liquid STEM

Experiments were conducted in a FEI aberration corrected Titan S/TEM. The sample
holder was a protochips Poseidon liquid holder. The electrochemical chips used were
printed and sold by protochips, containing a standard 3 electrode setup using either a Pt
or Ti pseudo reference electrode. The working electrode is viewed through an etched area
of the Silicon Nitride, and was composed of Ti. The potentiostat used was a Gamry
Reference 600 using a standard cable current cable. Videos were taken at 14.5 and 28kx
magnification, spot sizes 9 and 10, and a 3µ pixel dwell time to minimize beam induced
current.

The in situ electrochemical cells were assembled with a 500nm spacing chip that
allowed flow between electrochemical tests. Between tests solution was flowed through
the cell at a rate of 5 micro liters per minute from a Harvard systems syringe pump. The
solutions were made of DI water 1M potassium hydroxide with zincate at concentrations
of 10mM using reagent grade KOH and ZnO from SigmaAldrich. 1M sulfuric acid
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solutions were made from DI water by with reagent grade sulfuric acid. Zinc sulfate was
added to the solution to produce 10mM and 50mM concentrations of solution.

The

solutions were de-airated with Ar for 30 min prior to being dropped onto the cell.

Ex situ

Ex situ work to validate in in situ testing was done using cells in the same fashion
as in the in situ tests, described above and electrochemical experiments were conducted
using the same electrochemical equipment as before. An optical microscope was used to
track the behavior of the cell looking for bubble formation, large scale deposits, etc.

COMSOL

COMSOL 4.4 with secondary current distribution and electroanalytical modules
was used. The three electrode geometry was built in a 3D model space. Full parameters
of the model setup are provided. Zn deposition from sulfuric acid was modeled tracking
changes in potential drop in the electrolyte, current density in the electrolyte and
electrodes, and concentrations the reactants and products. Additionally CVs and time
dependent currents were plotted for each relevant experiments conducted.

Simulated results of current outputs were compared to the experimental results of
the modeled cell. Using 10mM concentrations of Zn2+ in 1M H2SO4 in a assembled from
a 1µm tall spacer chip on a parallel electrode electrochemical chip with Pt electrodes.
Electrolyte was bubbled for at least 30 minutes prior to the experiment. This was done to
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verify the validity of the simulation and draw accurate corollaries from the simulation to
physical results.

Carbon Support

Carbon papers and felts were sourced from sigra cell. Electrolytes were made of reagent
grade NaOH from sigma aldrich added in DI water to produce 4M concentrations.
Reagent grade ZnO was added to the solutions to fully saturate them with .3M of zincate.

After experimentation, samples were washed with DI water and dried in a vacuum
furnace at 600C. SEM and EDS images were taken using a bench top Hitachi TM3030
SEM

In symmetric cell experiments, fuel cell technologies fuel cell setups were used. Flow
plates made of graphite with a serpentine flow pattern were utilized. Felts and papers
were encased by PTFE gaskets. Bolts were to tightened to a measurement of 80lbs/inch
from a torque wrench. An in house anion exchange membrane (AEM) was made by Dr
Foister and used in the cell (CLAM). A Zn wire was placed in contact with the
membrane away from the working electrode on the working electrode side to be used as a
Reference electrode. The Counter electrode was made of a carbon felt (2.5 EA from
sigra cell) with Zn metal loaded onto it surface to prevent carbon corrosion. A colepalmer masterflex pump was used to provide electrolyte flow. Electrochemical
experiments were taken from 3 different potentiostats from bio-logic, an SP-200,a VSP3
with a VMP booster, and a HCP 803.
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During IR drop experiments a second set of potentiostatic leads were connected to
the cell attaching the working electrode lead to the original reference electrode. The
reference lead is attached to a Zn wire that is encased in a kimwipe and placed near the
carbon flow plate so the kimwipe comes into contact with electrolyte creating a salt
bridge to measure potential through. The counter electrode lead is connected to the
working electrode current collector.

After experimentation the samples are washed in DI water and dried in a vacuum furnace
at 600C. SEM and EDS is done using a Hitachi TM3030 benchtop SEM.
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CHAPTER 3:
IN SITU ELECTROCHEMICAL S/TEM
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Introduction

Despite being studied for 50 years, the deposition and dissolution process of Zn is
not well understood[1], [13], [19], [23], [56], [72]. Notably, the origin of various
deposits is not thoroughly comprehended, particularly dendrites and roughened surfaces
that form over the course of cycling in battery[1], [56]. Understanding the formation of
these morphologies in battery systems would allow for better optimization of additives,
electrode structure, and battery operation to increase performance. To better understand
the origins of various morphologies in Zn deposits, it is desirable to observe the
electrochemical behavior in situ at high resolution.

In situ liquid ec-S/TEM was developed in 2003 to study liquid systems by
observation in a Transmission Electron Microscope (TEM)[73]. This technique in
microscopy has since been used to study dendrite growth, metal deposition, and SEI layer
formation[44], [46], [74]–[76]. Fundamental to the operation of this technique is a
specially designed probe and a cell constructed to hold the liquid system. This is similar
to standard TEM test stands that are used to hold samples in the vacuum chamber with
some modifications as is diagramed in Figure 3-1 from Unocic et al[76]. The probe
completely encloses the cell and completely seals off the cell from the interior of the
microscope to keep liquid from damaging the microscope. For electrochemical tests,
there are electrical lines that run through the probe to the cell to drive and operate the
tests, and there are fluid lines that move electrolyte or other liquid into and out of the cell.
The cell itself is the combination of two precisely fabricated chips stacked on each other.
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Figure 3-1: in situ ec-S/TEM holder and an chip assembly
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The main chip has electrodes deposited on it, resulting in a near standard threeelectrode cell setup that is used in the standard electrochemical analysis. The second chip
has spacers on its corners or edges that allows for a solution to flow into the cell. In both
chips, there is a region called the window which is unmasked amorphous SiN that is
electron transparent.

Interactions between the electron beam and the electrochemical cell need to be
monitored and a number of studies have described the electrolysis that can occur,
particularly when using aqueous electrolytes[74], [77]–[79]. Beam interference can also
lead to deposition of metals onto the windows of the cell and unintentionally charge the
cell, causing deposition of materials on the electrode not tied to direct application of
potential or current from a potentiostat[[74], [77], [79], [80]]. Beam studies of the system
are then needed to determine ideal conditions of observation so that appropriate data can
be collected without interfering with the experimentation. These were done with all of
the solutions studied before use.

Zn deposition and dissolution in both sulfuric acid and potassium hydroxide were
conducted to observe the early stages of nucleation and growth, and general Zn removal.
This was done in an attempt to learn how dendrite growth and initiation occurs as well as
understanding the factors that influence the morphology of Zn deposits. Additionally, it
was desired to understand how Zn removal occurs and possibly observe the passivation
effect directly.
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Electrochemistry in Sulfuric Acid Solutions

Sulfuric acid was used as an initial electrolyte to conduct the experiments to
establish initial protocols for experimentation in the KOH solution. Since KOH was used
to etch the chips used in the experimentation, there was concern that there might be chip
failure in the microscope. Using sulfuric acid was to give an idea of the behavior of
depositing and dissolving Zn while the stability of the electrochemical chips was
determined for the KOH solutions. Both solutions are previously unstudied in published
literature and any determinations about their behavior will provide new information about
Zn electrodeposition behavior.

Cyclic Voltammetry

Figure 3-2.a shows the cyclic voltammetry curve taken during an in situ TEM
experiment, starting at -1.3V potential and swept negative to -2.25V vs the Ti Psuedo
reference electrode. During this negative sweep, current increases negatively to near
3mA/cm2 near -1.85V after which point current decreases in magnitude until around -2V
to -2.7mA/cm2 , then decreases again as the potential is swept finally to -2.25V vs the Ti
reference electrode. Then as the potential is swept positive, current decreases and trends
towards 0mA/cm2. Current becomes positive around -1.7V, has a peak near -1.65V, and
remains positive until it reaches -1.3V. In the CV in Figure 3-2.a, arrows indicate the
phenomenon observed from the in situ TEM experiment at that potential.

These can be

seen in Figure 3-2.b which shows dark field STEM images of the tip of the electrode
during the 2nd and 3rd cycle of the CV experiment shown in Figure 3-2.a.
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Initially, at -1.3V, deposits (light or silver gray) are observed that are either
attached to the surface of the electrode or are detached from the electrode but remain near
its surface. These are remnants from the previous cycle which did not completely
remove the deposits from the first cycle. In the next image, the sequence potential is 1.8V, which is marked as the onset of deposition in the CV from Figure 3-2.a. Here,
close observation of the electrode shows that several deposits in the middle of the arc of
the electrode’s tip have begun to grow slightly. The remaining deposits appear to be
unchanged at the potential. The next image is taken at -1.9V. We observe that there has
been growth of particles attached to the electrode across the arc of the tip of the electrode,
with some new smaller deposits appearing near the top of the electrode. Deposits near
the bottom of the electrode appear unchanged at this potential, indicating inhibition to
deposition. The image at -2.25V growth of every deposit across the arc can be seen as
well as deposits formed across the length.
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A)

B)

Figure 3-2: 2.5 µm ZnSO4 in .1M H2SO4 using a Ti working electrode and Ti pseudoreference electrode. A) Cyclic voltammetry current potential graph. Starts at -1.3V
sweeps to -2.25V and then back at 25mV/s. B) Darkfield STEM images of growth and
dissolution of Zn from sulfuric acid during the second and 3rd cycle of the CV at 25mV/s
scan Scale bar is equal to 1 micron. Images were taken at 28.5kx. The scan rate was
3seconds per new frame.
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Further, we observe an increase in the brightness of some deposits at the center of
the arc of the electrode. This is associated with increased scattering of the electron beam,
which are dark field images. This increased scattering is correlated to an increase in the
thickness of the Zn deposits. This would indicate that deposits are both growing away
from the electrode’s surface and away from the SiN window that the electrode is printed
on. The next image shows the electrode at -1.72V where dissolution has begun. Some of
the smaller deposits have been removed and most have shrunk or lost brightness,
indicating a reduction of thickness. Generally, the deposits that were present in the peak
deposition point are still present on the electrode’s surface. This is occurring while the
current is still cathodic, and it would be expected that deposition is still occurring. This
suggests that the driving force for deposition or dissolution has been altered in some way,
or the current observed is representative of the current passed for Zn deposition or
dissolution. The last image in the row shows the electrode at -1.3V again where potential
started. Here, all the deposits have undergone a significant reduction in size and the
dimming of their intensity indicates they have lost thickness. It is notable that the
deposits have not been completely removed at this point in the CV. The next row shows
the same pattern in the next cycle of the CV sweep. The same trend is observed with
slight variations in the locations of the smaller deposits that are formed and removed but
the larger deposits remain the same from cycle to cycle. These large deposits appear to
grow, if any change can be ascribed to them between the cycles.

To explain the behavior seen in Figure 3-2, it should be first noted that there were
deposits that formed on the electrode when the potentiostat was connected to the TEM
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holder. These were present at the start of the CV experiment and largely removed during
the first cycle. This type of deposit was pervasive throughout experimentation in the
sulfuric acid system and only somewhat remedied in the KOH experiments. These
sulfuric acid experiments are still relevant in showing the behavior of already existing
deposits and how they behave in various electrochemical conditions. Figure 3-2 shows
that deposition is preferential to already formed deposits, as would be expected as it
requires less energy to add Zn to a Zn surface than it does to Ti. As such, these are the
first places where deposition appears to occur during the CV cycling.

The creation of new Zn deposits is concentrated at the top of the electrode and the
middle of the tip’s arc. This only occurs after the potential has gone past -2V after the
initial cathodic peak. This would suggest that the peak at -1.9V is associated with the
consumption of Zn2+ near the electrode surface, during which nucleates are formed on the
electrode but are too small to see. Current decreases as the concentration gradient
develops in the electrolyte, then increases as the surface area of Zn deposits increases
with growth. The appearance of new deposits at the top of the electrode tip and along the
arc of the electrode suggests that the diffusion of Zn2+ to the surface is faster there than
along the rest of the electrode. It is noted that the growth of Zn deposits was most active
on the part of the electrode imaged, which was the tip of the electrode on the side facing
the counter electrode. Modeling efforts show that current density is highest at this point
on the electrode and it experiences the largest diffusion rate. This is due to the geometry
and construction of the cell and how it impacts mass transport. This relationship is
discussed more in the COMSOL modeling section.
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During dissolution steps, the newly formed, and thus smaller, deposits are seen to
be totally removed from the electrode’s surface. The larger deposits were not completely
removed though. Most, if not all, appear to shrink some during the anodic region, then
stop. This can be attributed to the Zn deposits being disconnected from the surface of the
electrode, as shown in the -1.3V images. These deposits remain near the electrode and
are reconnected during subsequent deposition steps, and under different circumstances
would be able to grow faster than their neighbors during this deposition step. This is
quantified in the potential step experiments discussed later.

Potential Step Experiments

Figure 3-3 depicts a deposition potential step at -2.2V for 10 minutes that
immediately followed a dissolution step. Figure 3-3.a shows dark field STEM images at
28.5kx over the course of the experiment. These images show a steady growth of
existing large deposits connected to the electrode’s surface. There are not new deposits
on the edge that start to grow. As such only growth of existing deposits be considered in
the present discussion. Figure 3-3.b shows the current density during the potential step
with a current spike initially and then a decline to around 3.5mA/cm2, where it remains
for the rest of the experiment with a slight increase towards the end. Figure 3-3.c shows
the growth of individual particles during the potential step based on their total area. The
specific particles that are studied are indicated in Figure 3-3.d. We see that of the 4
particles selected, 3 grow at a linear trend with slopes that are roughly even with each
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A)

B)

D)

C)

Figure 3-3: Deposition of Zn in .1M sulfuric acid with 2.5 µm ZnSO4. Potential stepped to -2.2V vs Ti
Psuedo reference electrode. a) TEM images at 28.5kx at various time points during the deposition step.
b) Current density over time during the potential step. C) Change in area of specific particles deposited
onto the electrode during the potential step. D) Image showing particles tracked during deposition step.

49

other. The 4th particle is not observed to grow much from its original size, and it
is also notable that it started off as the smallest particle of the 4 and remained the smallest
over time.

The initially largest particle remains the largest at the end of the experiment and
no particles becomes larger than any other studied. This directly displays the effects of
diffusion-limited aggregation (DLA),in which particles that reach into the concentration
gradient (further away from the electrode) grow at a faster rate than their shorter
neighbors. The linearity of the growth rate of the particles indicates that these deposits
have yet to reach the bulk concentration of Zn2+ , at least according to the model
established by Barton and Bockris on dendrite initiation and growth[11]. We do not
observe the formation of a tip with an increasingly small radius through the potential step
as predicted by their model. This may be an indication that the deposits observed were
not yet dendritic in nature. Generally, we observe that deposits grow away from the
electrode in relatively straight lines and do not branch out. This can be explained by the
number of like-sized deposits that are growing near each other. These deposits will be
able to consume Zn2+ from the same regions at similar rates. This means no rough
growth on the Zn deposit can begin a new branch in an area of untapped Zn2+. The lone
exception appears to be particle 1 at the end of the experiment, which can be seen to
branch slightly. This deposit is also the largest in its region and may be able to grow
without the interference of neighbors consuming Zn2+ as well.
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To continue to study the anodic dissolution of particles, a -1.3V potential step was
performed for a minute, the results of which are displayed in Figure 3-4. Figure 3-4.a
shows darkfield STEM images during the potential step. From 0 to 3 seconds, material
removal from the electrode appears to be slow with only smaller deposits being removed
on the edge of the electrode. Between 3 and 9 seconds, the removal of the material is
dramatically greater with most of the smaller deposits being completely removed, and the
deposits that populated the interior area of the electrode also removed. Most of the large
deposits have shrunk significantly as well. The images at 30 and 60 seconds of the
potential step show that the surface of the electrode remains largely the same. The large
deposits shrink some more but do not appear to undergo any large changes and no further
deposits are seen to have been completely removed from the surface. Figure 3-4.b shows
the current density over time during the potential step and shows a large spike in current
in the first second of the step but then trends to 0 quickly afterward with no noticeable
current observed for the remainder of the step. Figure 3-4.c shows the total area of Zn
particles attached to the edge of the Zn electrode during a potential step in blue and the
maximum length of any particle during the potential step in red. This does not measure
material that is grown through the area of the electrode. Area and length decrease rapidly
through the first 9 seconds of the experiment but then level off and no significant change
is observed during the rest of the step. This concurs with the qualitative analysis of the
images from Figure 3-3.a. Total observed area of particles decreases by well over two
thirds in total area from 3.5x104 nm2 to around 1x104 nm2. The maximum length of any
of the particles decreases by about a fifth, from 350nm to about 275nm.
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A)

B)

C)

Figure 3-4: Dissolution potential at -1.3V vs Ti psuedo electrode. Images taken at 28.5kx scale bar
is equal to 100micron. Images taken at different points during the potential step. Current density
response over time of the potential step. Changes in both total observed area and max deposit length
during the potential step.
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The differences in the ratios of reduction of area and maximum height would
indicate that dissolution is unidirectionally removing material from the entire perimeter
of particles. If dissolution were monodirectional it would be assumed that the decrease in
height would be proportional in ratio to the decrease in area. Along with the observation
that current density trends to zero and there are no observed changes in particle size via
both area and height, this would indicate that dissolution occurred across all of the large
particles. The particles undergoing dissolution rapidly were separated from the electrode
physically, severing their connection to electrochemical stimulus. They remain frozen
both in size and proximity to the electrode until either they are reconnected with the
electrode by new growing Zn or removed by the flow of the electrolyte. This has a
number of potential implications for battery operation. First, during cycling conditions, it
is possible for a deposit to become detached from the surface prior to its complete
removal but remain near enough to the surface that growing Zn on the surface can
reattach to the large deposit. This would produce a deposit larger than its neighbors and
able to reach further up a diffusion gradient of Zn ions growing much faster than the
smaller surrounding deposits. This would result in uneven deposit sizes and contribute to
the overall shape change of the electrode. It is possible that this phenomenon was
observed in the CV from Figure 3-1 where deposition and current lagged near -2V of
applied potential and started growing when nucleated deposits on the surface of the
electrode had reconnected with the larger deposits near the surface. Second, the
detachment of particles from the surface before they are dissolved constitutes a loss of
capacity of the electrode as the undissolved Zn represents an amount of charge not
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released during the discharge step of the battery. Over time, a significant amount of
capacity can be tied up into deposits of this nature as they would grow quicker than their
neighbors and consume more material which could, in turn, describe the decline of
capacity in electrodes like Zn-air batteries that rely on electrodeposition to store charge.
Finally, this would suggest a mechanism of dendrite initiation and propagation. Any
deposit that is sufficiently large and undergoes the right conditions to become detached
from the surface of the anode and remains near the electrode would be able to grow
quicker. If they are allowed to reach bulk concentration, their growth, as described by
Barton and Bockris, would become dendritic and produce a dendrite that would remain in
the electrode regardless of any electrochemical intervention attempted. This dendrite
would continue to grow until it reached across the cell, shorting it out entirely.

KOH Work

Figure 3-5 shows the deposition of Zn at different potential steps ranging from
50mV to 200mV. The 50mV and 100mV overpotential steps went to 3 minutes in length
while the 200mV experiment ends after 37 seconds. This discrepancy results from the
dewetting of the cell in the 200mV experiment after 38 seconds. Hydrogen evolution at
that applied potential occurred rapidly and formed a gas bubble that pushed the electrolyte
away from the view window and the electrode. For all potential steps, initial stages of Zn
grown can be observed. In the 50mV overpotential, step growth occurs through the area
of the electrode as well as on the edge. At 20 seconds, a number of small deposits can be
seen to form across the electrode. This continues in the 50-second image with more
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deposits appearing across the surface and existing ones becoming larger. In the 80-second
image, deposits through the electrode’s area have become significantly larger and the first
larger deposits on the edge of the electrode are observed. This configuration continues
through the rest of the potential step. In the 100mV overpotential, step deposition is
observed predominantly on the edge of the electrode and particularly along the arc of the
tip. In the 10-second image, a number of deposits are seen of similar heights, and by the
35-second image, these have merged, forming a larger single deposit. These continue to
grow with relative uniformity through the rest of the step with no one deposit significantly
larger than its neighbors. Deposition occurs rapidly during the 35 seconds with a dramatic
increase in observed deposits. This then slows and growth appears to become steady over
the rest of the experiment.

In the 250mV experiment, a rough mossy type structure is

observed to form on the electrode at the 23-second point and grows during the rest of the
experiment. There is no other particle growth observed through the area of the electrode
and growth is localized to the edge of the electrode. Growth covers the entire edge with
apparent uniformity.

Morphological changes can be observed between these potentials and broadly
agrees with the literature on the morphology of depositing Zn based on overpotential, with
50mV producing small boulders across the face of the electrode. While deposition at the
100mV overpotential step produced larger boulders along the edge that grow in a uniform
shape, localized on the edge of the electrode. This suggests a difference in mass transport
considerations. It is likely that at 50mV of overpotential, the diffusion gradient is not as
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Figure 3-5: TEM images of deposition of Zn from 1M KOH 5mM of Zincate at different
applied overpotentials. Images taken at 14kx magnification scale bar is 200microns long.
Times point of images displayed in top right corner of each image.
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steep, allowing for growth of deposits on the face of the electrode where there is a 1-micron
layer of electrolyte to draw from. COMSOL modeling has shown that the geometric
limitation of this thickness significantly influences the electrochemical performance of the
cell. At this low overpotential, it appears that initially, there is significant enough diffusion
of Zn to grow deposits through the electrode’s area. At the 100mV overpotential step,
deposition is conversely localized predominately to the edge of the electrode and growth
is localized at the arc of the electrode facing the counter electrode. This suggests that the
higher driving force for deposition has consumed the Zn ions along the face of the electrode
and Zn must diffuse from the width and length of the cell. Growth localization along this
region of the electrode is seen throughout the experiments conducted here and is discussed
in the COMSOL modeling section. In the 250mV overpotential step, the mossy structure
observed may result from a large amount of hydrogen evolution at this potential. Evolving
hydrogen would occupy sites on the surface of the electrode, preventing Zn from depositing
at those locations.

The sites where Zn was able to deposit produced larger and faster

growing deposits. In turn consuming the Zn that would have been consumed at other sites
on the surface. This produces a rougher surface that, if allowed to grow longer during the
experiment, may have formed into dendritic growths. This agrees with some theories in
the literature about the nature of Zn deposition and the origins of Zn dendrites, where
dendritic growth has often been associated with hydrogen evolution[7], [23].

Figure 3-6 displays the 100mv overpotential deposition step followed
immediately by a dissolution step at -1V (600mV of overpotential). At the start of
dissolution, the particles remain where they ended in the deposition step. In the first 10
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Figure 3-6: TEM image series of Zn deposition followed immediately by dissolution potential steps.
Magnification is 14kx scale bar is 200micron. Solution is 1MKOH with 5mM Zincate in solution.
Deposition was done at -1.65V vs Ti pseudo reference electrode for 3min followed by dissolution at -1V
vs Ti pseudo refence electrode for 3min.
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seconds, particles have shrunk in area and do so in a relatively straight forward manner
for the next 80seconds. Particles over this time frame appear to be losing area mostly
from the tip and reduction in area is occurring from a reduced height of the deposits.
However, after 90 seconds this behavior changes and the deposits, which had previously
merged, start to deform and the height of the particle appears to not change much. Area
of the larger deposits does not change much during the remainder of the experiment.
This may indicate that the particles have become detached from the surface, as described
in the sulfuric acid experiments.

Figure 3-7 shows the CA and particle change to the potential steps in Figure 3-6.
Figure 3-7.a shows the current at each potential applied. These currents are notably
smaller than the ones produced in the sulfuric acid experiments at 10-3 mA but also do not
show a discernable trend or pattern and look like noise. As such, analysis of this data
becomes impossible and we are unable to correlate any electrochemical response to the
growth of Zn particles. Figures 3-7.b and 3-7.c show the maximum height of growing
particles and the total observed area of the particles during the deposition and
dissolutions steps, respectively. We see that both parameters increase with the same
initial trend: rapid exponential growth initially that becomes linear after about 60
seconds. This initial rapid growth would likely be growth during the development of an
extended diffusion gradient of the zincate complex. The transition to a linear growth
trend suggests that at this point growth has become dominated by a diffusion gradient.
Also, as area and height match each other in growth, we can conclude that growth is
monodirectional in nature, where the primary growth through these time steps occurs
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A)

B)

C)

Figure 3-7:Electrochemical and Image analysis of potential step experiment in figure 6 a)
current responses of potential step experiment from Figure 6. b) Max particle hight over the
deposition and dissolution steps shown in Figure 6. c) Total area of particles observed over the
time of the deposition and dissolution steps.
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directly away from the electrode’s edge. When looking at dissolution steps after 180
seconds we see both parameters drop initially in value. However, height stops decreasing
at around 225 seconds and stays at that height for the rest of the experiment, losing only
about a quarter of its maximum. The area, on the other hand, continues to decline at a
much slower rate than growth did. Declining during the rest of the dissolution step, area
loses about half of its maximum. Notably, dissolution appears to be sluggish and
deposits are not completely removed from the surface of the electrode. This can possibly
be attributed to the same phenomenon as in the acidic electrolytes where dissolution
occurs all along the deposits and they can become detached from the surface and thus
stop shrinking.

Mechanism of Dendrite Initiation and Propagation

This leads to a possible mechanism for dendrite propagation and initiation. This
is described in Figure 3-8. Starting with a newly deposited Zn particle in Step 1, Zn ions
have been depleted around the electrode and the newly formed Zn deposit. Dissolution
occurs across the entire deposit, releasing new Zn ions into the solution. This occurs
rapidly across the entire Zn deposit as there is a deficit of Zn ions in the solution and
local concentration favors dissolution. During this process, if the deposit becomes
detached from the electrode it stops shrinking. It remains in the electrolyte near the
electrode as depicted in Step 3. Here, the detached deposit is also surrounded by the
newly dissolved Zn ions from the dissolution step that just occurred. If enough time
passes in this rest state, the concentration of Zn ions will equilibrate to its original state.
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Figure 3-8: Possible mechanism of Zn dendrite initiation and or propagation in a cycling Zn battery.
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Regardless when deposition is done there is again a fresh supply of Zn ions near
the surface of the electrode and deposition occurs quickly from the electrode. New
growth can then connect with the removed deposit. This deposit quickly becomes part of
a much larger deposit. Then the large deposit now has access to more Zn ions than its
neighbors as it can reach further into the growing diffusion gradient of Zn ions. Its
growth will consequently be much quicker, leading to the formation of a dendrite. This is
described in Steps 4 and 5. This process repeated may show how an otherwise nondendritic deposit may become dendritic over time if it experiences this cycle frequently.
Further, if the deposit is never reattached, this would be considered a loss of capacity of
the battery. Detachment of deposits during dissolution may account for some cycling
inefficiencies of the cell. These deposits count for charge passed during
charging/deposition but not during discharge/dissolution as they were unable to interact
with the electrode after a point during discharge.

Issues with Technique

A number of issues arose during experimentation that inhibited the collection of
data. Primarily these were the dewetting of cells and interactions with the electron beam
and the cell. In all systems, dewetting was a constant issue and cells would often dewet
when the potentiostat was connected to the cell or any potential was applied to the
electrode. In Zn aqueous systems, Zn deposition occurs below the hydrogen evolution
potential, so hydrogen is a constant side product of deposition. Hydrogen production
mitigation was attempted by limiting the potentials at which experiments were conducted.
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Despite this, the issue persisted impeding the ability to collect data. Until hydrogen can
be sufficiently mitigated during Zn deposition, aqueous electrodeposition of Zn may an
ill-suited system for in situ ec-STEM studies.

In the sulfuric acid experiments, connecting the potentiostat to the TEM holder
caused Zn deposition to occur on the electrode without any applied potential. This was
likely to due to a current associated with the grounding of the cell to the potentiostat.
This prevented the observation of new growth of Zn deposition. During the work with
KOH electrolytes, it was possible to conduct experiments on electrodes that did not have
Zn deposits already formed on them. This was achieved by two techniques. The first
was flowing electrolyte through the cell between experiments, which was not possible in
the sulfuric acid experiments as the cell was constructed to prevent electrolyte flow.
KOH experiments were conducted in cells that allow for flow. This allowed Zn deposits
to removed and new electrolyte injected into the cell volume. The second was the use of
a different potentiostat. The experiments displayed in the sulfuric acid sections were
taken with a biologic potentiostat while the KOH experiments shown used a Gamary
potentiostat. These instruments, while collecting the same data have some differences in
how they sit at open circuit potentials and how they ground themselves. This become
crucial for in situ ec-STEM experiments as they have to ground a high energy electron
beam, and how they do this impacts the outcomes of the experiments greatly. However,
the Gamary instrument encountered problems as well. While electrochemistry on clean
electrodes was achieved, gathering reliable electrochemical data with it was not. This
made correlating observed physical changes to electrochemical stimuli difficult other
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than showing the effect of different potentials. Due to apparent higher beam activity of
the zincate complex in solution, images were taken at 14kx magnification.

Conclusions

Electrochemical in situ STEM has been conducted using both alkaline and acidic
electrolytes to study Zn electrochemistry. Deposition and dissolution in both systems
were observed. The deposition was seen to be monodirectional in growth away from the
surface of the electrode and heavily dependent on concentration gradients in the cell.
Overpotential dependence of deposit morphology and location was observed in the
alkaline solution indicating a possible connection to increased hydrogen evolution to
rougher morphologies of depositing material and as a possible factor to dendrite growth.
Dissolution was seen to be universal along the deposits’ perimeters, creating the
possibility for the particle to detach from the electrode and become electrochemically
inert. It is possible for these deposits to become newly active on subsequent deposition
steps, growing again as larger deposits than their neighbors. This is used to propose a
mechanism of Zn dendrite initiation and propagation in cycling Zn batteries. Detachment
before full dissolution followed by reattachment during deposition creates a deposit
larger than its neighbors that can become dendritic in nature. Additionally, it suggests
why it is hard to remove dendrites electrochemically as they can become detached before
full dissolution. Detachment of particles from the surface can also explain capacity
losses in batteries, resulting in declining performance over time. Data gathering was
impeded by interactions with the electron beam and the cell and the evolution of
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hydrogen in a confined volume dewetting the cell. Improvements to the technique
regarding these aqueous solutions needs to be improved for further experimentation to
successful.
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CHAPTER 4:
COMSOL MODELING OF IN SITU LIQUID EC-S/TEM
CELL’S BEHAVIOR
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Introduction

As discussed in the in situ TEM section, the electrochemistry of the in situ cell
was affected by the geometry of the cell. The differences in the cell size and electrode
configuration creates a situation where standard electrochemistry assumptions may not
apply. Previous work on the in situ ec-STEM by Unocic et al., has shown that
electrochemical data can be accurately gathered during experimental work[74], [76].
Despite increasing use, electrochemical phenomena on the nanoscale have many
unknowns and challenges remain for the technique[74], [81]–[87]. The electrochemical
behavior the cells themselves have not been probed thoroughly. There are two primary
differences of in situ ec- TEM cells from the more standard cell setups is the size of the
cell and the configuration of the electrodes. The in situ cell generally is on the order of
0.5 to 2 microns in thickness and, as in the case of the cells used in the previous study,
contains 300nL of liquid. Most electrochemical experiments are conducted assuming a
semi-infinite amount of electrolyte away from the electrode, but that assumption may not
hold in certain directions away from the electrode in the in situ cell[88]. Second, the
configuration of the electrode design is abnormal, as it has a much tighter spacing
between electrodes than would be normally used, and the working electrode has a
structure that does not match a typical micro electrode that is well understood in
literature[88]. Further, in the cells used in the in situ ec-S/TEM study, the counter
electrode and working electrodes are parallel to each other with the reference electrode
on the other side of the working electrode from the counter electrode. This design is not
standard in electrochemical work and may generate anomalies that would alter data
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gathering.

Thus, computational modeling is needed to determine changes in the cell

electrochemical performance and to better utilize the data gathered by such experiments.
The in situ cell’s electrochemical behavior was studied using COMSOL version
4.4. COMSOL is a finite element modeling program that allows for the robust simulation
of a number of different types of phenomenon including electrochemistry of various
systems[89]–[91]. It operates by subdividing an assembled geometry into smaller
elements. These elements are given a set of partial differential equations to represent the
parameters of interest over the element. Then each element has its fundamental equations
solved to generate the desired values for that element. This methodology decreases
computation time of complex simulations by subdividing the problem. Increasing the
element size decreases computation time and accuracy while decreasing element size
does the opposite.

In the present study, the electrochemical analysis module was merged with the
secondary current distribution module to study current flow, potential changes, and
concentration gradients of solute throughout the cell. COMSOL is used to study how the
cell performance varies from standard beaker size experiments by varying cell size,
electrode configurations, and solute concentration to illuminate how the unique cell
configurations impact the electrochemistry of the cells.
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A three-dimensional model of the parallel electrode in situ cell was built in the
simulation to directly correspond to the size of the actual cell in real life. This is shown
in Figure 4-1. The electrodes are labeled. The electrode sits in a 150nm deep trough of
the SiN, which was etched away to expose them. The total cell dimensions were 5micron
by 5micron square in area and height varied between 1 to 1.5 microns. Electrodes are
50nm tall with a total area of 1micron2. An electroanalytical module was used to run CV
experiments from the working electrode with the counter electrode grounded. The
reference electrode was left inert and used as a place holder to show deviations in
potential. Deposition was simulated by decreasing the diffusion constant of the product
Zn species to 1x10-20 to prevent the products from diffusing away from the electrode.
This system was coupled with the secondary current distribution module to observe
potential drop, concentration gradients, and current distribution. Full model parameters
are provide in Table 4-1 and Table 4-2.
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Figure 4-1: Schematic of Simulated 3 electrode in situ cell. Cell width
and height are both 5micron.
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Table 4-1: Varied Parameters for Simulations

Name

Values

Voltammetric scan rate

5 to 200mV/s

Bulk Concentration of Zn2+ to start

10mM, 50mM and 100mM

experiment
Height of the Cell

1µ and 1.5µ
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Table 4-2: Fixed Parameters for Simulations

Name

Expression

Formal potential of

-.76[V][88]

Zn/Zn2+
OCV of Cell

-.6 [V] (Observationally gathered)

Electrolyte Conductivity

0.35[S/m][92]

Conductivity of working

9.3e6 [S/m]

electrode Pt
Conductivity of counter

9.3e6 [S/m]

electrode Pt
Conductivity of

9.3e6 [S/m]

Reference electrode Pt
Bulk Concentration of

1E-9[mol/m^3]

Zn to start experiment
Exchange current

.00439 [A/m^2][23]

density
Product (Zn) diffusion

1e-20[m^2/s] (Used to fix Zn near electrode)

coefficient
Reactant (Zn2+)

1e-9[m^2/s][23]

diffusion coefficient
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The model relied on Fick’s Diffusion and the Bulter-Volmer equation to solve for
the required parameters.
Fick’s First and Second Laws:
𝑁𝑖 = −𝐷𝑖 ∇𝑐𝑖
𝜕𝑐𝑖
= 𝐷𝑖 ∇2 𝑐𝑖
𝜕𝑡
Bulter-Volmer equation:

𝑖 = 𝐹𝐴𝑘 0 [𝐶𝑜 (𝑂, 𝑡)𝑒 −𝛼𝑓(𝐸−𝐸

0′ )

′

− 𝐶𝑅 (𝑂, 𝑡)𝑒

(1−𝛼)𝑓(𝐸−𝐸 0 )

]

Simulations of CV scans of Sulfuric acid with Zn2+ in solution were conducted to
observe the deviations from a well-studied electrochemical system.

Results

The general structure of the of the Cyclic Voltammograms of the Zinc in situ
model are shown in Figure 4-2 and matches much of the structure that would be expected
from a typical CV. Potential was swept initially negative with a negative peak
corresponding to deposition in the cathodic sweep. The deposition peak shifts more and
more negative potentials as sweep rate is increase. After -0.9V potential is swept positive
towards -0.4V with a peak associated with dissolution in the anodic sweep of the Zinc
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Figure 4-2: CV of 1.5micron tall in situ ec cell at various sweep rates. Simulating 1M H2SO4
and 10mmol Zn2+ in solution.
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CV around the formal potential of Zn/Zn2+. As sweep rate is increased, we see
that peak height and location increase and move further away from the formal potential
with a linear relationship to square root of sweep rate which is shown in Figure 4-4
below. The reaction in this case appears to be a quasirreversible reaction as both peak
current and peak potential vary with the square root of sweep rate, agreeing well with
expected behavior and previous studies[76][88].
Figure 4-3 shows a 50mV/s sweep of 1M H2SO4 with 10mM of Zn2+ in solution
onto a Pt working electrode in the same design as the simulated cell. Potential was swept
negative from

-.175V to -.8V then swept positive to -.175V. During the cathodic

sweep current trends negative in the same manner as in the simulated CV experiment
from figure 4-1 forming a peak around -.545V before declining as it is swept negative
until about -.75V where current increases significantly. This is likely the onset of large
amounts of hydrogen evolution, which was not included in the model. There is a positive
peak associated with Zn dissolution observed near -.545V before current trends towards
zero again. The anodic peak is smaller than the cathodic peak likely a result of hydrogen
evolution that occurs during Zn deposition. Which is the main deviation between the
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Figure 4-3: 50mV/s Sweep of 1.5 micron tall in situ ec cell. 1M H 2SO4 with 10mM Zn2+ in solution. All
electrodes were Pt done ex situ of TEM condition.
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a)

c)

b)

d)

Figure 4-4: Height dependence of electrochemical cell with 10mMol bulk concentration of Zn 2+ in 1M
H2SO4. a) Variation of CV response between 1 and 1.5micron thick in situ cell at 5mV/s CV. b) Variation
of anodic peak current based cell thickness at various sweep rates. c) Shift in anodic peak potential by
sweep rate at different cell thicknesses. d) Shift in cathodic peak potential by sweep rate at different cell
thicknesses.
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simulated experiment and the actual cell. The simulated and actual experiment match
each other well in both the general form and the amount of current produced about
1mA/cm2 in the cathodic peak at 50mV/s sweep. Here we see good basic agreement
with the form of the CV that was simulated suggesting that the simulation correlates well
to the real-world application.

As can be observed in the CV graphs shown in Figure 4-4, experiments in the in
situ cell were influenced considerably by the cell height. Between the two cell heights
current density differs by 60microA/cm2 at 5mV/s and 100microA/cm2 at 200mV/s scan
rates. This is an indication that in the taller cell the electrode can access more analyte
during the experiment. It also changed the appearance of the CV scans as cell height
increased, as seen in Figure 4-4a, where the current density is increased and the peak
location is shifted slightly more positive in the anodic sweep. This shift is detailed in
Figure 4-4c, demonstrating an approximate 20mV variation between the two peak
locations at each sweep rate. However, as can be seen in Figure 4-4d, the peak locations
line up throughout the sweep rates with the exception of the 5mV/s scan, which is off
slightly. In the cathodic sweep, the deposition is limited by the rate at which material can
be delivered to the electrode surface. The electrode has much more surface area facing
the top of the cell than along the edges. Increasing the cell height increases the volume of
electrolyte containing analyte the top of the electrode can access. This will increase the
current and amount of material deposited on the electrode during the deposition step.
Both cell configurations will become limited by the lateral diffusion of analyte to the
electrode’s surface, but the thicker cell will have consumed more Zn2+ by this point. The
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anodic sweep is limited by the total amount of material that is deposited during the
cathodic step. Thus, in the 1micron thick cell, less material is available for dissolution
and is consumed quicker, so the peak occurs sooner in the sweep than in the 1.5micron
thick cell, which had more Zn deposited on the electrode before dissolution.

A bulk electrolyte cell with a micro disc electrode was simulated under the same
simulation conditions as in the in situ experiments. Figure 4-5 shows the results of these
experiments. We see in figure 4-5.a the CV curves behave as expected shifting their peak
location with increasing sweep rate. The anodic peak location plotted in figure 4-5.d
follows a linear trend in peak height as a function of square root of sweep rate which
matches expected values for such an experiment[88]. Cathodic peak locations plotted in
4-5.c do not vary between the 50mV/s and 100m/Vs sweeps as is also observed in figure
4-5.a this is due to limitations by potential range selected for the simulation. Figure 4-5.b
shows the variation of anodic current achieved at different concentrations of Zn2+ in
solution. We see that peak height increases significantly with changing concentration of
Zn2+ in the solution. Generally other than the limitation of the of the negative potential
limit influencing the cathodic peak locations we observe behavior that matches real world
results well, again showing the model was well setup. It is notable that the current
density is so much higher when compared to the in situ cell at the same concentration of
Zn2+. This suggests that the in situ cell is current limited by the geometry of either the
cell or the electrode used or possibly both.
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A)

B)

C)

D)

Figure 4-5: CV and peak data from simulated microdisc electrode in bulk electrolyte. a) CVs at various
sweep rates of a 1micron diameter microdisc electrode at various sweep rates in 1M H2SO4 with 10mM
Zn2+ b) log plot of anodic peak height as a function of sweep rate at different concentrations of Zn2+ in
solution. c) Cathodic peak location as a function of sweep rate d) Anodic peak location as a function of
sweep rate
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Figure 4-6 shows the top-down view of the electrochemical cell using color to
display the concentration of Zn2+ at different potentials in a 5mV/s CV sweep in the
1.5micron thick cell. Black is an indication of no Zn2+ with concentration increasing with
brightness going from blue to green to yellow to orange then to red at 50mM of Zn2+.
Initially we see the cell at a bulk concentration of Zn2+ in the solution with a slight
variation around the working electrode indicating a slight decrease in concentration in
that area at -.4V. Then at -.73V there appears a larger circle of darkness around the
working electrode indicating that Zn2+ has been consumed in this region. The bulk of the
system has become slightly darker, signifying diffusion of Zn2+ to the electrode and
reducing the bulk concentration some. Then in the -.9V image, the cell appears
uniformly dark blue but a shade that indicates there is still Zn2+ in the system, albeit
significantly reduced to less than 5mMol. This suggests that the electrode has consumed
Zn2+ relatively evenly in the electrode also since in the CV at this point current has
trended to zero and the electrode is not very active. As there is no deviation in the color,
a shallow concentration gradient is likely to have developed, limiting the possible current
significantly. As the electrode’s potential is swept positive, Zn2+ is generated and a
concentration of about 20mM of Zn2+ can be seen around the working electrode. As
potential is swept more positive, the area of increased Zn2+ becomes larger and the
concentration of Zn2+ near the electrode goes above 30mMol. Further, the rest of the
cell’s area becomes lighter, indicating that Zn2+ is being generated and diffusing into the
rest of the cell area. When the electrode’s potential has returned to -.4V the
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-.4V vs SHE

-.73V vs SHE

-.9V vs SHE

-.74V vs SHE

-.67V vs SHE

-.4V vs SHE

Figure 4-6 Top-down view of cell during 5mV/s CV sweep of 1MH2SO4 with 10mM Zn2+ at various
points during the sweep. Cell height is 1.5micron tall.
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concentration has begun to equilibrate, with a lighter area near the electrode and the rest
of the cell significantly lighter. This shows that Zn2+ generation has stopped and is
diffusing through the cell to assume its initial bulk concentration. This demonstrates that
lateral diffusion of Zn2+ to the electrode during deposition is significant and reduces the
bulk concentration of the cell significantly. This indicates that diffusion along the
horizontal plane is likely dominant in the cell.
Figure 4-7 shows the change in concentration of Zn2+ over the working electrode
during the first 0.06 seconds of the 5mV/s sweep. Initially a concentration gradient from
about 1mM to the bulk concentration to 10mM exists. Then the concentration at the top
face of the electrode goes to 0 and the concentration near the top of the cell is about
6mM. The concentration above the cell continues to decline through the rest of the time
steps shown until at T=0.06 seconds, where the concentration above the electrode has
gone entirely to 0mM. The concentration away from the electrode starts to go to zero as
Zn2+ is consumed, showing the initial evolution of the diffusion gradient in the horizontal
plane of the cell. This demonstrates that it is indeed the cell height that is limiting
diffusion of Zn2+ to the larger face of the electrode. The electrolyte above the electrode
has been totally depleted in the first .06 seconds of the application of potential. Along
with Figure 4-6, Figure 4-7 indicates that steady diffusion in the cell is limited to the XYplane towards the edge of the electrode.
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T=0 Sec

T=.0039 Sec

T=3.12x10-4
Sec

T=.0102 Sec

T=.0016 Sec

T=.06 Sec

Figure 4-7: Zn2+concentration during the first .06seconds of a potential step to -.74V in 1M
H2SO4 with 10mMZn2+solution in a 1.5micron thick cell. View is looking straight onto the
working electrode through the height of the cell. Note color scale changes
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This has three key implications for the experiments conducted in in situ cells in
terms of direction of growth, particle flatness, and tendency to form rough deposits.
First, this suggests that any significant growth in the cells used will be in a lateral
direction as was observed in the in situ TEM chapter. This is likely preferable for some
experiments as it is easier to observe the growth of particles off the edge of the
electrode’s surface. But it limits the study of particle growth on a large planar surface
and instead only allows for the observation of particles growing off a thin edge of the
electrode. These edges can impact on the growth of the particles as curvature is tied to
increased local potential. This may change the morphology of the growing particle.
Second is that the morphology of the growing particle is likely to be relatively two
dimensional. This would be because any growing particle would quickly consume any
analyte through the thickness of the cell that has not already diffused toward the cell.
Again, this is likely preferable for TEM experiments as two dimensional images are
produced and only qualitative measurements of thickness can be made by looking at the
relative brightness of particles. This is a deviation in growth from more well-established
systems where diffusion of analyte to the electrode or a growing particle can occur in any
direction for a microelectrode and perpendicular to the large face for a planar electrode.
This would also suggest that true radial diffusion cannot occur in the cell as that assumes
there is sufficient analyte in all directions to sustain a concentration gradient. It should
not then be taken for granted that deposits formed in the in situ cell match those formed
in semi-infinite volumes of electrolyte as is often assumed. Finally, growth of rough
deposits is likely preferred as growth is localized onto a narrow surface which
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experiences edge effects that increase the local overpotential and in Zn systems at least
increases the roughness of deposits formed. Since it is rougher deposits that produce the
growth, they will likely grow unevenly and, as discussed in the in situ TEM chapter, this
increases the chances of dendritic growth as large deposits will be able to grow faster,
possibly reaching the bulk concentrations that allow dendrites to grow.

Figure 4-8 shows the current density in the electrolyte at the cathodic peak of the
5mV/s CV sweep. Dark blue is no current, and current increases as blue becomes lighter,
moving through green, then yellow, then to red. We see that current moves through only
the region between and immediately the working and counter electrode experience any
current with a light blue arc at .5A/m3. Between them, current is higher, achieving 1A/m3
through the region between the two electrodes. Notably though, current density along the
edges of the working and counter electrodes facing each other is significantly higher with
the tips on those sides of the electrodes achieving current densities of 3A/m3. This agrees
with experimental data which showed that deposition was localized to the edges of the
electrode facing the counter electrode and the tip of that side experienced the most
deposition. The top face of the electrode remains relatively inert, agreeing with the
concentration study above as there is no analyte to consume in that region. This again
suggests the geometry of the cell is limiting the performance of the working electrode and
the only very active region on the working electrode is the curved part of the electrode,
which can act like a micro electrode and achieve radial diffusion in the horizontal plan of
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Figure 4-8 Current density in A/m3 of the electrolyte at the same horizontal plane of the top of the
electrodes (50nm) at -0.75V of the cathodic sweep of the 5mV/s CV of 1MH2SO4 with 10mM Zn2+.
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the cell. Meanwhile, the rest of the electrode behaves as a planar electrode, achieving
lower current densities and thus lower growth. This means that analysis of
electrochemical data gathered by such electrodes needs to take into account that the tip of
the electrode likely dominates the current observed during any experiments. This means
that the tip of the electrode is likely the only place to accurately correlate the growth of
particles to current passed.

Conclusion:

COMSOL finite element modeling has been performed on in situ ec-TEM cells to
observe the electrochemical behavior of such cells. It has been found that the thin
geometry of the cell limits diffusion to the large flat plane of the electrode. The analyte
in the solution is consumed very quickly above the electrode and the only region for a
diffusion gradient to develop is in the XY-plane of the cell. Thickness of the cell has
been seen to be directly proportional to the maximum current density achieved during CV
scans and is also seen to shift peaks of anodic peaks after cathodic deposition peaks.
Further, likely as a result of the diffusion gradient being in the XY-plane, only the edges
of the working electrodes experience significant current. Current is observed to vary
significantly along the edges of the electrode with the rounded tips facing the counter
electrode achieving the most current of any location on the working electrode. This is
likely a result of two dimension radial diffusion that can occur to this rounded region.

These results have significant implications for how data from these experiments is
analyzed. First, deposition will be localized on the edges of the electrode and not on the
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large flat face of the electrode. Growth on the edge will be further localized to the tip of
the electrode, particularly on the side facing the counter electrode. Current passed
through the electrode will likely be from this region and is mostly likely to correlate well
to growth of deposits observed. Deposits are likely to grow in a relatively two
dimensional nature away from the electrode as they are confined by the geometry.
Finally, this cell geometry is likely to produce rougher deposits than a bulk electrolyte
type experiment and possibly more likely to produce dendritic growth, though possibly in
a different mechanism than in a bulk electrolyte experiment due to confinement by the
cell’s height. Overall, these simulations indicate that there are substantial deviations of
the in situ cell from the assumptions generally made about an electrochemical setup.
These deviations need to be considered when analyzing data to come to accurate
conclusion. It would be prudent then that each in situ cell geometry be modeled to
determine specific properties that need to be accounted for.
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CHAPTER 5:
ELECTROCHEMICAL QUARTZ CRYSTAL
MICROBALANCE STUDY IN 1M KOH
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Introduction to EQCM

EQCM is a technique to study mass changes at the interface of an electrode and
electrolyte. EQCM utilizes the piezoelectric properties of quartz by electrically
oscillating a thin slice of quartz between two electrodes in order to correlate observed
changes in frequency and impedance to changes in mass and viscoelastic environment as
a function of applied potential or current[[93]–[95]. Equation 1 below is the Sauerbrey
equation showing the relation of frequency to mass for a rigid film.

Equation 2 was

formulated by Kanazawa and Gordon describe the frequency and Equation 3 was derived
by Martin et al. to determine crystal impedance response of a QC in a viscous
medium[22], [23], [25].
𝐸𝑞. 1

∆𝑓 = −𝐶f ∆𝑚
3

1

𝑓u2 𝜌𝐿 𝜂L 2
𝐸𝑞. 2 ∆𝑓 = −
(
)
√𝜋 𝜌q 𝜂q

𝐸𝑞. 3 ∆𝑅 =

3
4√𝜋𝑓u2 𝐿𝑢

1

𝜌L 𝜂L 2
(
)
𝜌q 𝜂q

Where Δf is the change in frequency of the crystal, Cf is the capacity factor of the crystal,
Δm is the changes in mass observed, fu is the oscillation frequency of the unloaded
crystal, ρu is the density of quartz, ρL is the density of liquid in contact with the electrode,
µq is the shear modulus of quartz, ηL is the viscosity of the liquid in contact in with the
electrode, Lu is peizoelectric inductance response of the natural crystal.
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By combining

Eq (2) and (3) we arrive at
𝐸𝑞. 4 ∆𝑅 = −4𝜋𝐿𝑢 ∆𝑓 ≈ −0.38 ∗ ∆𝑓
Motional resistance, R, is often tracked by QCM instruments simultaneously with
changes in frequency and can be collected to obtain information about changes in
solution viscosity and surface roughness. R is defined as the resistance to oscillation of
the QC and when in contact with viscous solutions will increase with viscosity or surface
roughness and decrease with decreasing viscosity and increasing interface smoothness. R
due to changes in surface roughness during electrochemical experiments need to be
accounted for when gathering frequency change data. Increased R can dampen the delta f
values obtained depressing the observed delta from the actual delta f.

In electrochemical experiments changes in mass can be correlated to charge
passed at a given point via current output. Mass changes in grams per mole of electron
passed Z gives molar mass in terms of grams per mole e- and then by multiplying by the
number of electrons involved give the molar mass of the species that lead to the mass
change.

For example if during the cathodic sweep of a CV of Zincate in alkaline

solution a value of Z=-32.5g/mol e- is found after processing the data. Knowing that 2
electrons are involved in the deposition or dissolution of Zn one would multiply by 2 and
obtain a value of 65g/mole as the molar mass of the species involved at the electrode
interface. This links that bulk Zn deposition was occurring at that point. One can do
similar calculations for all of the species that could be involved in a reaction at the
electrode and then determine what is involved based on the values of Z. The value for
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deposition and dissolution of cations should always be negative as increases in mass
correspond to negative current and decreases in mass corresponds to positive current.
Accurate interpretation of Z values requires a well-defined understanding of the species
are or can be present in the system. Otherwise correlating Z values to active species will
lead to incorrect or misleading results.

EQCM previously has been used in a large number of experiments to study
deposition reactions in battery systems, corrosion and electrodeposition[96]–[100]. It has
proved to be an exceedingly valuable tool to parse out the properties of complex reactions
at the interface of electrodes and electrolytes[101]–[103]. It is used here to study how
deposition and dissolution occur on the Zn electrode surface. Specifically focusing on
the passivation behavior during dissolution.

Initial Surface Oxide Formation

The change in mechanical impedance of the electrode due to the spontaneous
formation of an oxide on zinc when contacted with zincate electrolytes was recorded as a
function of Zn(OH)42- concentration, shown in Figure 5-1. A mirror-polished Au-coated
quartz crystal was used as a control allowing for correction of the dissipation due to the
differences in the bulk viscosity of the electrolytes. On Au, replacing pure water with
saturated zincate electrolyte results in an increase in ΔR along with a drop in Δf of 3.0 Ω
and -13 Hz, respectively. The frequency change due to viscosity difference alone is
estimated to be -6.2 Hz using the Kanazawa and Gordon relationship (KG) [93], [94]. This
suggests that a strongly adsorbed layer formed on the Au surface with the areal mass of
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Figure 5-1: Transient resonance frequency, mass and resistance change of the bare Au and Zn thin
film quartz crystals due to solution exchange from H2O (left of red line) to KOH electrolyte (right of
red line) on gold and zinc electrodes at OCV. Au electrode response used as a control for solution
variation and subtracted from Zn electrode responses (values shown in mass and resistance graphs) to
pull out viscosity difference between H2O and KOH electrolyte from Zn electrode’s response to
electrolyte addition.
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0.23 μg cm-2 (80-100 g mol-1 Au surface sites). This value seems to indicate that
Zn(OH)42- ions are electrosorbed on the surface (89 g mol-1 = 2 Zn(OH)42- on 3 Au atoms).
The response is clearly different on Zn thin film. Upon exposure to a zincate electrolyte at
50% saturation, ΔR of the Zn film surface increased 13.0 Ω, presumably due to electrolyte
viscosity change and surface roughness effects. However, Δf cannot be ascribed to mere
viscosity and electrosorption effects; rather, Δf increased by ~1,300 Hz. This suggests that
significant mass is lost, Δm = -22 μg cm-2. Similarly, when Zn-coated surface was exposed
to 100% saturated zincate electrolyte, ΔR and Δf both increased, by 31 Ω and 384 Hz,
respectively. Again, this suggests that some sort of dissolution process occurred with Δm
= -6.5 μg cm-2. While both ΔR and Δf are affected by the concentration of Zn(OH)42-,
exposure to 50% saturated solution caused greater mass loss than the exposure to the fully
saturated solution. The ΔR is an order of magnitude greater for the 100% saturated solution
than in the half-saturated solution.
Clearly, the presence of the Zn(OH)42- affects the spontaneous dissolution of the
native surface oxide on Zn. Le Chatelier’s principle explains the lesser degree of
dissolution of Zn in saturated Zn(OH)42- relative to the more dilute system. The saturated
solution does not need to shift its equilibrium much to develop a steady state interface with
the Zn electrode and therefore does not dissolve much Zn from the surface. On the other
hand, the half-saturated solution needs to consume a large amount of Zn before there is
sufficient Zn(OH)42- near the surface to form a steady state interface and equilibrium is
reestablished.
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Zinc corrosion in alkaline solutions is a well-studied phenomenon that can proceed
through different pathways depending on the conditions of the electrolyte and electrode, as
summarized by Zhang [23]. There are several pathways for corrosion that have been
observed, including the direct dissolution of Zn and the formation of different native oxide
layers on the surface, which depending on the electrolyte conditions can change over
time[23], [104]–[106]. The literature describes an oxide layer being present on the surface
at OCV resulting from a spontaneous corrosion reaction[23], [104], [107]. ZnO(s) doped
with Zn is observed to build upon the electrode surface spontaneously in in situ UV/Vis
spectroscopy studies by Cai and Park [107]. The mass and resistance change observed in
Figure 5-1, then seems to be due to the spontaneous corrosion of the Zn thin film and
subsequent formation of the oxide layer on the surface of the electrode as a result of
exposure to the alkaline electrolyte. At lower concentration of Zn(OH)42- in the electrolyte,
the mass decrease is greater and the resistance increase is smaller on the electrode
indicating that more material is removed from the surface and less native oxide is present.
Conversely, in the saturated solution, the reduction in mass is relatively smaller with a
much larger increase in resistance. This would suggest that the native oxide layer formed
in a saturated solution is more robust and porous. These observations taken together
suggest that the initial state of the Zn surface is affected by the concentration of Zn(OH)42in the electrolyte as this appears to control the formation of the porous oxide interlayer

Cachet et al utilized electrochemical impedance spectroscopy (EIS) to study ZnO
growth and suggested that a porous structure composed of ZnO, Zn(OH)2, or an amorphous
combination of both, is present at/near OCV during deposition and dissolution [24], [26],
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[35], [108]–[110]. Others have confirmed this finding using EIS and in situ Raman and
UV/Visible spectroscopy studies [107], [111], [112].

Our QCM observation of Zn

corrosion resulting in the formation of an oxide layer supports this claim. This seems to
rule out the nucleation and growth theory of passivation proposed by Hampson et al., as
there is no need to nucleate ZnO if there is already an oxide layer on the surface [113]. The
dissolution-precipitation and adsorption models are consistent with the presence of a native
oxide surface and will be considered with regard to the electrochemical data presented
below[19], [20], [114], [115].

Zn Plating and Disolution

Figure 5-2 shows representative voltammograms along with the crystal frequency
and impedance response obtained for a Zn electrode in 1M KOH electrolyte saturated with
Zn(OH)42-. Starting from 0 V vs Zn/Zn2+and sweeping to more negative potentials, the
cathodic current increases due to Zn electrodeposition and Δf decreases, which is typically
indicative of mass change. However, ΔR increases in this same region. In fact, the ΔR
profile mirrors Δf, suggesting a significant portion of the viscoelastic response is due to
roughening the surface and/or making a porous network. The current profile traces itself
after switching scanning directions until -0.02 V where the current becomes anodic. In the
cathodic region, Δf continues to trend negatively while ΔR changes positively with a
plateau at -0.02 V where Zn dissolution begins. The current peaks at 0.42 V and quickly
decreases forming a shoulder at 0.55 V before dropping down to 266 μA cm2, indicative of
double layer charging of a roughened surface. It should be noted that the overall shape of
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Figure 5-2: CV and EQCM responses (Δf and ΔR) of Zn thinfilm in 1M KOH saturated with
Zincate with a scan rate of 10 mV s-1. Initially swept positive from deposition region -0.75V to 0.6
V and back. Dashed lines indicate positions of deposition current peak near -.175V (left) and
dissolution peak current near -.42V.
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the voltammogram reflects a system with considerable uncompensated resistance,
consistent with a passivating film[116]. As this is happening, Δf increases and ΔR
decreases quickly as material is removed from the electrode rapidly until passivation
occurs, at which point the rate of change slows considerably. Reversing the sweep again
shows the current slowly increasing until an anodic peak forms at 0.25 V before the onset
of Zn electrodeposition. This anodic peak in the negative sweep direction is typically
assigned to the removal of a passivation layer [117]–[120]. At the passivation removal
peak, Δf increases and then remains steady until Zn deposition. ΔR simply decreases in this
region. The ΔR during the whole process shows a drastic overall change, nearly 400Ω
between the start of the experiment and its maximum. This indicates that a significant
change in viscoelastic properties of the electrode is occurring on the electrode surface
during the cycle. Particularly during the deposition of Zn in the cathodic region, the
resistance increases dramatically, suggesting the formation of rough/porous deposits on the
Zn thin film. It is notable that the maximum of the ΔR occurs in the anodic region. This
may indicate the formation of the oxide layer observed by Cachet and others[107], [110],
[112]. The ΔR exhibits high reproducibility, approaching the original start value as the
deposited material is removed. However, the rate of change is asymmetric as ΔR decreases
at a more rapid rate during stripping than its rate of increase during the deposition process.
Similarly, the Δf follows the same trend where the deposition slope is much shallower than
that of the dissolution region. This indicates that a complex set of processes are occurring
during deposition and dissolution of Zn. These processes affect the electrode in different
and nontrivial ways.
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Figure 5-3 plots the change in frequency against resistance to highlight surface
roughness effects. The vertical line shows the expected response for a smooth
electrodeposition process, frequency changes independently of resistance. This is the
ideal Sauerbrey condition and therefore mass changes can be directly obtained by Eq 1.
The slanted line with the slope of -2.1 Hz/Ω shows the pure viscoelastic limit from Eq 2.
If the slope of the Δf-ΔR curve is between these limits then surface modification in terms
of both mass and structure is taking place [93]–[95]. While some regions in the
voltammograms are clearly outside of the Sauerbrey conditions, that is, for a 5 MHz
crystal Δf/ΔR >> 2.1 Hz/Ω , we can use Equation 1 as a first-order approximation to
estimate the mass change of the electrode after correcting for dissipation effects.
By taking the ratio of Δm to the charge passed (∫I dt), we can calculate the
effective m/z of the electroactive adsorbates, Figure 4. In the electrodeposition region (E
< -0.7 V), the calculated m/z was between -18 and -46 g/mol e- which contains the
predicted 32 g/mol e- for Zn/Zn2+, but also suggests that side reactions occur, most likely
hydrogen evolution which is discussed previously in detail [23], [121]–[123]. The m/z
curve increases to -39 g/mol e- during Zn dissolution at E < 0.23 V. Zn may not come off
directly anymore; instead a ZnO-type species (40.5 g/mol e-) formed on the surface is
dissolved. ZnO may form during the positive sweep as the electrochemical driving force
toward Zn(OH)42- reduction decreases. A chemical equilibrium between deposited Zn
species and the electrolyte develops. This would effectively cause a decrease in the mass
deposited with a particular charge.
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Figure 5-3: Figure 3: Δf vs ΔR repotted to show interdependency. Data taken from Figure 2. Dotted lines
show limits of Sauerbrey equation (Orange) and Viscoelastic dampening limit (Purple).
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Zn Deposition/Dissolution
value m/z= -32.5 g/mol e-

Figure 5-4: Current and Mass-Charge correlated response to 10mV/s CV in 1M KOH saturated with
Zincate. Black: ECA Current Density, Blue: Correlated Mass-Charge Change response in g/mol e-.
Generated by dividing the time dependent change in mass by the time dependent change in charge passed.
Giving mass change per mole of electron passed which can be used to determine the molar mass of species
involved in electrochemical reactions at the surface of the electrode. Black dashed line indicates -32.5g/mol
e- the m/z value at which bulk Zn deposition and dissolution occurs.
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Eq 3 H2O + Zn → ZnO ads + H2
Eq4 ZnO+ 2OH- + H2O → Zn(OH)4 2-

The fact that the m/z curve is complex is indicative that chemical reactions are
indeed taking place. Table 5-1 shows the many different Zn and Zn oxide species that
may be present during electrodeposition and dissolution along with their m/z ratio. Zn is
deposited in the cathodic sweep, while a chemical equilibrium augments the mass of the
deposited Zn in the anodic sweep until Zn dissolution occurs at which point the Zn comes
off as Zn(OH)42-. During passivation, there are two peaks to be considered: the first is at
the onset of passivation and the second is at the completion of passivation. Their
potentials vary with sweep rate and electrolyte composition in ways that have been
described before [20], [23], [124]–[129]. The m/z ratio at the onset and completion of
passivation were -39 g/mol e- and -54 g/mol e- respectively, indicating that zinc oxide and
zinc hydroxide are being removed from the surface.

During the negative sweep the

removal of the passivation layer starts at a very large value, near -71 g/mol e-, then
declines to -13 g/mol e- suggesting the removal of Zn(OH)42- adsorbed onto the surface
(68.5 g/mol e-) transitioning to the conversion of zinc oxide and zinc hydroxide to zinc (8 g/mol e- and 17 g/mol e-).
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Table 5-1: Table 1. m/z expected for possible Zn species involved in dissolution and deposition. All
numbers in g/mol e-1
ZnO

Zn(OH)-

Number
of
electrons
involved

Zn

1e-1

-65

-81

-82

2e-1

32.5

-40.5

-41

Zn(OH)-

Zn(OH)24

Zn
=>
ZnO

Zn =>
Zn(OH)-

Zn=>Zn(OH)2

3

-99

-116

-133

-16

-17

-34

-49.5

-58

-66.5

-8

-8.5

-17

Zn(OH)2
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Figure 5-5 shows the same experiment as that in Figure 5-4 but for a 10mV/s
sweep in the half-saturated zincate electrolyte. In the cathodic region the values range
between -4 g/mol e- and -38 g/mol e-, staying near the -32 g/mol e- that is expected for Zn
deposition during much of this region. This additionally suggests that side reactions
similar to those suggested for the full saturated zincate electrolyte are occurring. During
active dissolution, values range between -20 g/mol e- and -42 g/mol e-, indicative of
removal of Zn from the surface along with the removal of ZnO near the end of active
dissolution. The passivation peaks show ratios of -49 g/mol e- and -72.5 g/mol erespectively, suggesting the removal of Zn(OH)2 and Zn(OH)42- from the surface. When
the passivation removal peak is observed the values range between -17 g/mol e- and -1
g/mol e- which is indicative of a conversion reaction to convert ZnO and Zn(OH)2 to Zn.

Passivation Behavior

Tables 5-2 and 5-3 show the m/z as a function of sweep rate and. Generally
speaking, for the 20 mM ZnO solution the first passivation peak’s m/z is independent of
the sweep rate. The other peaks have m/z that decrease with increasing sweep rate. At
slower scan rates, the values are closer to those for ideal Zn dissolution and oxide
removal. Here, the chemical equilibrium between the Zn (hydr)oxide species have been
achieved. In the 10mM zincate electrolytes we observe a similar effect where decreasing
the sweep rate increases the second passivation peak values without a notable trend in the
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Figure 5-5: Current and Mass-Charge correlated response to 10mV/s CV in 1M KOH half saturated with
Zincate. Black: ECA Current Density, Blue: Correlated Mass-Charge Change response in g/mol e-.
Generated by dividing the time dependent change in mass by the time dependent change in charge passed
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Table 5-2: Δm at points of Interest at Various Sweep Rates 1M KOH 20mM Zn(OH)42Sweep
Rate
(mV/s)

Range
Negative
Deposition
Sweep
(g/mole e-)

Range
Positive
Deposition
Sweep
(g/mole e-)

Range
During
Dissolution
(g/mole e-)

First
Passivation
Peak
(g/mole e-)

Second
Passivation
Peak
(g/mole e-)

Passivation
removal
(g/mole e-)

2

-19 to -32

-15.8 to -25

-19 to -39

-38

-45

-40 to -9

10

-18 to 44.43

-18 to -30

-26 to -38.8

-39

-54.5

-70 to -13

100

-4.4 to 31.7

-10 to -30

-18 to -34

-36.94

-13.5

None
observed

Table 5-3: 3Δm at points of Interest at Various Sweep Rates 1M KOH 10 mM Zn(OH)42Sweep
Rate
(mV/s)

Range
Negative
Deposition
Sweep

Range
Positive
Deposition
Sweep

Range
During
Dissolution
-

First
Passivation
Peak

Second
Passivation
Peak
(g/mole e-)

Passivation
removal
(g/mole e-)

-

(g/mole e )

(g/mole e )

-22 to -32

-11 to -32

-38

-112

-70to -9

-4 to -38.8

-16 to -32

-20 to -42

-49

-72.5

-8 to -1

-5 to -41.7

-10 to -46

-30 to -40

-34.33

-45

None
observed

(g/mole e-)

(g/mole e-)

2

-5to -22

10

100
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other peaks. The m/z value during the 2mV/s sweep of 38 g/mol e- is observed for the
onset of passivation, consistent with the removal of ZnO. In the 10mV/s sweep a value
of 49 g/mol e- was observed suggesting the removal of Zn(OH)2. The 100mV/s showed a
value of 34 g/mol e-, consistent with the removal of Zn from the surface.

During the

completion of passivation, values obtained for varying sweep rates range from 112 g/mol
e- to 45 g/mol e- consistent with the 1e- removal of Zinc tri-hydroxide (Zn(OH)3-) from
the surface occurs at equilibrium with zinc oxide and hydroxide removal at the higher
sweep rates. The Zn(OH)3- have a lower saturation concentration in solution than the
typical Zn(OH)42- species described above but it is considered by others [23], [107],
[112], [130]. The occurrence of this tri-hydroxide removal would indicate the primary
soluble complex Zn(OH)42- has reached its saturation point and to remove any more
material from the surface it must be done in a secondary complex that has yet to reach it
saturation point. Removal of the passivation layer is not affected, showing values
consistent with removal of zinc oxide and zinc hydroxide, independent of sweep rates and
inherent Zn(OH)42- saturation.

The passivation process seems to be a function of oxide and hydroxide material
forming on the electrode through a charge transfer process and not caused by a strictly
chemical precipitation reaction. There were no indications of mass change that could be
associated with the addition of purely chemically formed material on the electrode.
Typically, passivation occurs when the species cannot be removed faster than they are
generated and cover the surface. This is similar to the adsorption model proposed by
Breiter and others [19], [20]. The removal of passivation is not the dissolution of the
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oxide layer but rather a conversion of ZnO and Zn(OH)2 to zinc metal on the surface, this
process is discussed further later in the paper. The passivation layer is dynamically
influenced by OH- coordination chemistry. This is similar to the point defect model
(PDM) of passivation proposed and developed by MacDonald and others[131]–[133].
However MacDonald et al. only discuss the local breakdown of passivation layer upon
increasing anodic potential and changes in pH and not complete removal of passivation
as the result of a decrease in applied potential[131], [133]. The removal of the passive
layer as described in this paper would be an interesting addition to the PDM but out of
the scope of the present paper.

Deposition Behavior:

During deposition there is a range of m/z values observed with enough deviation
from the expected 32.5 g/mole e- that the process warrants discussion. With two notable
exceptions, the values are less than that anticipated for bulk Zn deposition. This suggests
that hydrogen evolution occurs as a side reaction. As the potentials are swept more
negative the degree to which hydrogen evolution dominates the reaction starts to
increase. This also corresponds to an increase in the mechanical resistance seen in figure
5-2 that continues through the cathodic sweep, indicating a continual roughening of the
surface. The resistance increases and jumps significantly as the potential is swept past
60mV of overpotential and continues to increase as the potential is swept more negative.
There are numerous studies on the overpotential effects on Zn deposit morphology, all of
which conclude that Zn deposition at high overpotentials leads to rougher deposits[[47]–
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[49], [109], [134]]. At higher overpotentials and lower concentrations of Zn(OH)42-, the
deposition of Zn is limited by the rate of Zn(OH)42- diffusion. If the potential is already
in the hydrogen evolution regime the electrode will prefer to consume the readily
available OH- and H2O to evolve H2. This is seen in the low values of m/z at the high
overpotential end of the sweep wherein the half-saturated solution values of -4 to -5
g/mol e- are observed at the end of the negative sweep during deposition, showing nearcomplete domination of hydrogen evolution over Zn deposition.
In the 10mV/s negative sweeps, peak values up to -46.4 and -38.8 g/mole e- are
observed and suggests formation of ZnO or Zn(OH)2 on the surface. These values occur
where there is a negative peak of the current, near -0.175V in the 100% saturated
solution. As shown in Figure 5-1, at this point the ΔR increases dramatically and levels
off during the sweep and Δf levels off from an initial decrease observed. This indicates
an increase in the roughness/porosity of the electrode without mass addition.

This could

be indicative of the onset of rougher deposit structures like boulder- and dendritic-type
structures. Such roughness changes are not amenable to accurate study assuming a
viscoelastic regime. That being said, the m/z values would suggest that an oxide layer is
being developed on the surface. The mass change would be small as O and OH- are
being added to the surface but would significantly increase the roughness of the
electrode. This appears to be consistent with work done by Cachet et al. and others who
have proposed an oxide intermediate layer on the surface of the electrode during
deposition at low overpotentials[107], [109], [112], [135]. This would suggest that an
oxide layer is present in some form at higher overpotentials than previously reported.
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It is suggested that the negative current peak near -0.175 V is the result Zn(OH)42consumption near the electrode. Current decreases significantly as the oxide layer
present on the electrode surface inhibits transport of Zn(OH)42- to the electrode surface
and the deposition of Zn. As potential increases the oxide layer remains but the driving
force for bulk Zn deposition compensates for the oxide layer’s presence on the electrode.

The presence of a porous oxide layer on the surface during deposition has
implications for the formation of various morphologies of Zinc deposits. For example,
the increased IR would decrease the overpotential experienced at the electrode forcing
higher applied voltages to achieve a desired current reducing the overall reaction
efficiency of the reaction. Further, a porous oxide layer would create a ‘mask’ on the
surface that would inhibit growth in certain regions while promoting growth in others,
leading to rough deposits.

Proposed Passivation Mechanism

The proposed passivation mechanism is shown in Figure 5-6 and is based on models
proposed by Cachet et al[20] and Breiter et al [108]. In Step 1 we see the native oxide
layer where Zn(OH)42- electrosorbs onto the surface and undergoes hydrolysis to form a
roughened ZnO surface. This is supported by the loss of mass and increased roughness of

112

Figure 5-6: Diagram of the proposed mechanism of passivation
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the electrode surface upon contact with the KOH zincate electrolytes (Figure 5-1). During
dissolution, Step 2, Zn is not immediately removed from the surface of the electrode but
has to go through an intermediate Zn+ layer on the electrode surface as described by Cachet
et al [110]. Step 3 shows a network of partially reduced Zn(OH) is then transformed into
ZnO at the interface which is then removed via chemical dissolution and must then diffuse
out of the pore. This is supported by the fact that the m/z values are near -40g/mol e- (ZnO
removal) at end of active dissolution, where the concentration of Zn(OH)42- has built up
enough to slow down the overall reaction. When the Zn(OH)42- concentration within the
porous network approaches saturation, ZnO builds up on pore walls, a passivation process
which limits further Zn removal, and even can cause the pores to fill up, as seen in the Step
4. Breiter et al describe this process in their adsorption model [108] where, due to changing
thermodynamics, the pathway of dissolution changes from producing soluble Zn(OH)42- to
insoluble ZnO [18], [20]. This is supported by our observation of ZnO removal at the onset
of passivation peaks. Also, given that ZnO is a semiconductor, the porous film-covered
electrode begins to exhibit large potential drop that serves to decrease the rate of
dissolution, thus limiting the current even as potential is increased.

Finally, in Step 5 we observe the point of full passivation. The pore closes in a critical
fashion where there is a very small channel remaining for Zn dissolution to occur through
but ultimately limits the rate of dissolution dramatically. We see this in the current and the
crystal impedance, both of which drop suddenly, indicating that electrochemically active
surface has been constricted significantly and pores have closed suddenly, thereby making
the film more rigid. Furthermore, the m/z values indicate the removal of ZnO, Zn(OH)2 or
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Zn(OH)42- complexes suggesting the buildup of oxide and hydroxide species on the surface
that are slow to dissolve. This differs from the Cachet model where passivation is
ultimately caused by precipitation of ZnO out of solution as the saturation limit of
Zn(OH)42- is reached. Rather our observations conform more with an adsorption model
that suggests the passivation is the result of electrochemical formation of ZnO on the
surface. The electrode remains passivated until the activation peak is reached. Here, the
built up oxide layer is partially transformed back into Zn metal, thus forming the composite
Zn/ZnO layer initially depicted as the pore walls, seen in the Step 6 of Figure 5-6. This is
not taken into account by either Cachet’s or Breiter’s models. The addition of this step to
the mechanism is supported by both the resistance decreasing by 7Ω during this period
(surface smoothing due to partial removal of an oxide layer) and the m/z values seen at the
passivation removal region indicating a transformation of the zinc oxide and zinc
hydroxide to zinc.

Conclusion

We have conducted cyclic voltammetric EQCM studies of Zn in 1M KOH electrolytes
fully and half saturated with Zn(OH)42- to better understand electrochemical passivation
behavior. Exposure of Zn thin film electrodes to alkaline electrolytes at OCV caused a
reduction in mass of the Zn film on the electrode and an increase in the roughness of the
surface. This appears to be a spontaneous dissolution reaction that forms a native oxide
layer on the surface of the electrode, suggesting that a ZnO/Zn layer is present on the
surface during electrochemistry, as proposed by Cachet et al. The EQCM CV
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experiments showed values of m/z matching theoretical values of species addition and
removal coupled with charge transfer reactions. During active dissolution in both the
electrolytes, the m/z values corresponded to the removal of ZnO indicating that Zn comes
off the surface via the dissolution of ZnO to form Zn(OH)42- species. The mechanism
of passivation was determined to be caused by the electrochemical buildup of ZnO and
Zn(OH)2 within the interior of the pores. Eventually this blocks pores so that only
narrow channels are left to allow Zn(OH)42- to diffuse through. The removal of the
passivation layer is the conversion of ZnO and Zn(OH)2 in the pore to Zn, opening up
the pore channel. Similarly, during deposition, the native oxide layer appears to be
present on the surface presenting pathways for the surface to roughen. During deposition
hydrogen production appears to be a significant reaction particularly at higher
overpotentials and on rougher surfaces of the electrode. These considerations have
significant impact on battery operations and how batteries should be designed to reduce
the impacts of passivation, shape change, dendrite growth and hydrogen evolution on the
Zn electrode in alkaline systems. The kinetic and mass transport related control of
passivation in particular indicates that reducing the operating potential and improving the
mass transport qualities of the Zn anode system are necessary to optimize performance.
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CHAPTER 6:
EQCM IN HIGH MOLARITY KOH
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Introduction

The initial study in 1M KOH solutions demonstrated the ability of
Electrochemical Quartz Crystal Microbalance (EQCM) to probe the interface of the Zn
electrode in alkaline electrolytes. A mechanism of passivation has been proposed for the
1M solution that is independent of the concentration in solution. Additionally, a native
oxide layer was observed to form at the interface of the Zn electrode in both solutions
studied. Most alkaline battery systems operate a higher concentrations of OH- in solution
as it allows for the addition of more zincate in solution[7], [10], [56]. As has been
discussed in the introduction, and by others, the behavior of the solutions vary
greatly[16], [23]. As such, it is necessary to study a range of solutions to truly
understand the nature of the Zn electrode in alkaline electrolytes. Work was done in 4
and 8M KOH solutions to observe any changes in passivation mechanism or the general
behavior of the Zn alkaline electrochemistry. Using the same techniques and analysis as
in the initial 1M KOH study, 4 and 8 M KOH solutions fully and half saturated with
zincate were studied. Au Quartz Crystals had 420nm of Zn sputtered onto the electrode
surface and used to conduct electrochemical experiments.

Initial Oxide Formation

As in the 1M solutions, the influence of the solution on the various electrode
structures was explored by observing the transition between deionized water and KOH
solutions. Figure 6-1 shows the change in frequency, mass observed, and motional
resistance when moving from water and 4M KOH solutions on Au and Zn electrode
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faces. The Au electrode was exposed to 4M KOH saturated with zincate and the
motional resistance response was used as the control for other solutions mass changes to
compensate for viscosity changes. When Rm was used to compensate for the mass
changes observed on the electrode’s surface, it was observed that there was a 3.69µg/cm2 reduction in mass from the surface (shown in the gold box). This differs
from an uncorrected value that shows the addition of 2.86µg/cm2 to the electrode’s
interface (unboxed value). This trend is observed in Figure 6-2 which displays the 8M
KOH transitions as well at about the same values: -3.4µg/cm2 corrected and 8µg/cm2
uncorrected. Upon investigation, it is observed Au Pourbaix diagram shows that at SHE
and above a pH of 13, gold will form Au(OH)2 as shown in Figure 6-1 of the appendix.
This indicates that the Au electrode is not as stable as was in the 1M KOH solution
studies. The electrode becomes stable as its potential is moved to -.25V vs SHE. The
Zn/Zn2+ potential at these concentrations is -1.2V to -1.3V vs SHE. As such, most if not
all of the electrochemistry was conducted at a point where the underlying Au electrode
was stable. Additionally, the Zn sputtered onto the electrode’s surface should block the
corrosion of the Au electrode as long as it remains there. Therefore, analysis of the
electrochemical responses may proceed as in the 1M KOH solutions.

When looking at the half-saturated 4M KOH solution transition onto the Zn
electrode, we see that initially there is 17.12µg/cm2 amount of material removed from the
surface but over time this moves to about 3.7µg/cm2 removed from the surface. This
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Figure 6-1: Transient resonance frequency, mass and resistance change of the bare Au and Zn thin film
quartz crystals due to solution exchange from H 2O (left of black line) to 4M KOH electrolytes (right of
black line) on gold and zinc electrodes at OCV. Au electrode response used as a control for solution
variation and subtracted from Zn electrode responses (values shown in mass and resistance graphs) to pull
out viscosity difference between H2O and KOH electrolyte from Zn electrode’s response to electrolyte
addition. Both corrected (gold box) and uncorrected mass (not boxed in) response for Au transition is
shown.
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Figure 6-2: Transient resonance frequency, mass and resistance change of the bare Au and Zn
thin film quartz crystals due to solution exchange from H 2O (left of black line) to 8M KOH
electrolytes (right of black line) on gold and zinc electrodes at OCV. Au electrode response used
as a control for solution variation and subtracted from Zn electrode responses (values shown in
mass and resistance graphs) to pull out viscosity difference between H2O and KOH electrolyte
from Zn electrode’s response to electrolyte addition. Both corrected (gold box) and uncorrected
mass (not boxed in) response for Au transition is shown.
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indicates that much, if not all, of the Zn sputtered onto the surface has been removed.
The change in Rm is only 57.6Ω over the course of the exposure test, which is a
substantial reduction from the baseline experiment on the Au electrode. This would
indicate that the change on the surface of the electrode produced a smoother surface than
what occurred on just the bare Au electrode. This may suggest that a significant portion
of the Zn has been removed from the surface relatively evenly initially but was retained
at the surface as a compact and even oxide layer. The transition from water to the 4M
KOH solution saturated with zincate shows a similar trend in the mass change where
initially 15.2µg/cm2 of Zn was removed from the surface but then over time mass
increases until 15.39µg/cm2 has been added to the surface, while Rm only increases 3.4Ω
over the transition. This would again suggest an initial dissolution of Zn material from
the surface that is then turned into a compact oxide layer on the surface of the electrode.
This continues the conclusion of the presence of a native oxide layer on the surface of the
Zn electrode when in contact with alkaline electrolytes. As such, the same assumptions
will apply when analyzing the electrochemistry of the 4M KOH solutions as when
analyzing the 1M KOH solutions. These being that the Saubury equation and KawanaGordon relations both hold true and the results of the experiments can be analyzed in the
same manner as in the 1M KOH solutions.

Figure 6-2 shows the transitions between water and 8M KOH solutions in the
same manner as in the 4M KOH solutions. The same transition mass change on the Au
electrode is observed, indicating that some Au is coming off in solution when exposed to
the electrolyte. The Rm effect is about 100Ω larger than in the 4M KOH transition on the
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Au electrode, suggesting a change from increased viscosity of the solution. Indeed, the
8M KOH solution viscosity of 2.53mPa sec which is about double that of the 4M KOH
solution of 1.44mPa sec [23]. This would account for the increased Rm values observed.
The transition from water to half zincate saturated 8M KOH on Zn electrode shows an
overall mass change of about -108 µg/cm2 while experiencing a 216Ω increase in Rm.
This suggests that dissolution of the Zn from the electrode is occurring forming a rough
surface and no mass is being added back onto the surface. In this case, it may be possible
that an oxide layer is not allowed to build up as the concentration of zincate at the surface
may not be at the critical mass required. In the fully saturated transition, initially 20
µg/cm2 is removed from the surface but again, over time 7.1 µg/cm2 is added onto the
surface while the Rm value increases by 137Ω. This would suggest that, in the same
manner as in the 4M KOH solutions, Zn is removed and then reattached as a compact
ZnO layer. It is then possible that, depending on the solution conditions of 8M KOH,
there is not an oxide layer present on the surface of the electrode and the presence of the
layer is dependent on the bulk concentration of zincate in solution.

The corrosion and formation of ZnO on Zn electrodes is shown to vary by
strength of alkaline electrolytes. It is observed to be present in solutions of 1M to 8M
KOH that are suitably saturated with zincate. At lower concentrations of zincate in
solution, it is possible that the local concentration of zincate near the surface may never
build up enough to form an oxide layer, which is in agreement with the literature[23]. As
such, treatment of the oxide layer in devices will depend greatly on the specific
conditions of the individual device, and knowledge of the oxide layer’s general structure
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is required to optimize performance. For instance, in higher concentrations of KOH,
additives that retard Zn corrosion will be desired for when the battery is at its charged
state and zincate in solution has been depleted. These additives would prevent the loss of
capacity by the corrosion/self-discharge of the electrode.

Cyclic Voltammetry Studies
The saturated solutions’ electrochemical and mass response are discussed here as
this presents the clearest result of what is occurring in the solution. The half-saturated
solution data are left out of the present discussion, as there appears to be a number of side
reactions occurring including hydrogen evolution and possible interactions with the bare
Au electrode. Results are included in the appendix. The analysis of the CV scans
focuses on the observing mass per mol e- of change observed on the electrode as in the
initial 1M KOH solution study. Values at points of interest are pulled and charted with
respect to sweep rate to generate an idea of the process occurring on the electrode during
deposition, dissolution and passivation.

4M KOH Saturated with Zincate Experiments

Figure 6-3 shows the 10mV/s CV scan of the Zn electrode in 4M KOH. Potential starts
at 0V vs Zn/Zn2+ , sweeping negative as this occurs the current (Blue) is increasingly
negative until it reaches -.75V, where potential is swept positive. Current then decreases
until it becomes positive and continues a positive trend until it reaches a peak at around
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Figure 6-3: Current and Mass-Charge correlated response to 10mV/s CV in 4M KOH saturated with
Zincate. Blue: ECA Current Density, Orange: Correlated Mass-Charge Change response in g/mol e-.
Generated by dividing the time dependent change in mass by the time dependent change in charge
passed. Giving mass change per mole of electron passed which can be used to determine the molar mass
of species involved in electrochemical reactions at the surface of the electrode. PP1 and PP2 markers
denote the locations of the first and second passivation peaks respectively. PR indicates the location of
passivation removal.
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.45V. At this point it starts to plateau at passivation peak one and then declines slightly
until it reaches approximately .5V where it declines sharply at passivation peak two.
Current declines towards zero and remains there through the rest of the positive sweep.
As potential is swept negative again, current remains near zero until around .2V where
the passivation removal peak is observed. After this, current declines slowly again into
the deposition region. Passivation appears to take on a similar form to what was observed
in the 1M KOH solutions. During this, the m/Z values always remain below -30g/mol e-,
which is low. In the negative sweep of the deposition region, values range between
21.9g/mol e- near -.3V and up to -16.4g/mol e- near -.75V. During the positive sweep in
deposition, the values range again between -17.9 and 21 g/mol e-. This would suggest
that hydrogen evolution on the Zn electrode is occurring along with Zn deposition. This
would agree with the literature which concludes where hydrogen evolution is a coreaction to Zn deposition[23]. Additionally, significant bubble formation was observed
during the experiments in the deposition region. It would appear that hydrogen evolution
in the 4M KOH solutions is higher than in the 1M KOH solution and has a significant
influence on the deposition process. This possibly leads to a rougher morphology of Zn
deposits. Rougher deposits will lead to increased dendritic growth during charging.
Further as demonstrated in the in situ TEM chapters even if these rough deposits de not
form dendrites they may become detached from the surface and result in the loss of
capacity in the electrode. Finally, this roughness during deposition will contribute to
shape change in the electrode worsening the problems of passivation and dendrite
growth.
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The dissolution region has m/Z values of -26 to -29 g/mol e- values, which are
closer to direct removal of Zn from the surface of the electrode of -32.5g/mol e-. This
suggests that Zn is being removed from the surface directly. The passivation peaks at this
sweep rate are -3.6 and -1.9g/mol e-, respectively. These values are much lower than
anything that could be considered to cause the removal of a Zn, ZnO, or Zn(OH)2. In
fact, they do not correlate with any removal of material through electrochemical
processes. This would indicate that mass is being added to the surface through a
chemical process. This is a deviation from the conclusions made in the 1M KOH
solution study, where the passivation process was observed to be the electrochemical
buildup of ZnO on the surface of the electrode. Here it would appear that there is at least
a partial chemical precipitation of ZnO onto the surface of the electrode. Finally, the
passivation removal peak appears at -4g/mol e-, which is lower than expected from the
1M KOH study. This could be related to the change in passivation layer formation.
Points of interest for the rest of the CVs are present in Table 6-1. When looking
at the deposition region, it is generally observed that values remain low with the highest
recorded value of -30.6g/mol e-, suggesting that at most points during deposition, Zn
deposition occurs with hydrogen evolution as a large coproduct of the reaction. There
appears to be no trend in the values seen based on sweep rate during deposition. During
dissolution, m/Z values also do not appear to follow a consistent trend with values that
range from -8 to -47 g/mol e- in different sweep rates. The low values around -8g/mol ewould suggest that during dissolution, chemical precipitation of ZnO or Zn(OH)2 is
occurring on the electrode, depressing the observed values of m/Z. The value of
127

Table 6-1: m/Z values in g/mol e- during points of interest during CVs of various sweep rates in 4M KOH
saturated with .2M zincate
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-7g/mole- in the 5mV/s sweep would suggest that ZnO or Zn(OH)2
species are being removed from the electrode’s surface. The passivation peaks both
appear to decline in value with increasing sweep rate. In the 5mV/s scan, values of -55
and -45 g/mol e- are observed for peak 1 and 2 respectively and in the 2mV/s scan values
around -15.5 and -35g/mol e- are observed for peak 1 and 2 respectively. As the rates
increase both peaks remain below -10g/mol e-.

It is suggested that there is then a mix of reactions occurring in the 4M KOH
solution. In the slower scan rates, near equilibrium conditions are allowed to form.
During this point, it is possible to observe the electrochemical buildup of ZnO and
Zn(OH)2 as evidenced by the second passivation peaks in the 2 and 5mV/s sweeps.
These reactions likely occur relatively slowly and can only be observed at near
equilibrium conditions. As sweep rates are sped up, the equilibrium cannot be
established and only the fast reactions can be observed. Which would be the chemical
precipitation of ZnO or Zn(OH)2 on to the surface of the electrode. This would suggest
that a mix of passivation mechanisms occur in the 4M KOH solution. As such both the
adsorption model, as described in the 1M KOH section, and the dissolution precipitation
mechanism proposed by [17]. Removal of the passivation layer appear to be attenuated
as well in the 4M KOH solution, which is likely a result of the changes in passivation
mechanism from the 1M KOH solution.
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8M KOH Saturated with Zincate Experiments

Figure 6-4 shows the CV and m/Z curves for the 8M KOH solution saturated with
zincate in a 10mV/s sweep rate. Current during the potential sweep proceeds much as it
did before, starting from 0V potential and then swept negative to -.55V and becomes
increasingly negative over this region. As potential is swept positive from -.55V, current
decreases towards zero and becomes positive as potential becomes positive. Current
increases in a linear trend until about .6V when the first passivation peak is encountered
and current declines linearly. Just as potential is reaching .8V, current drops rapidly to
zero at the second passivation peak. Current remains near zero as potential is swept
positive towards 1.25V vs Zn/Zn2+. Potential is swept negative again towards 0V until
around .3V where the passivation removal peak is observed. Current spikes, then
declines slowly into the deposition region again.

In the deposition region, the m/Z values remain relatively even between -20 and 30 g/mol e-. This suggests that Zn deposition is occurring with hydrogen evolution but
there is less evolution than was observed in the 4M KOH solutions. Bubble formation
was still visually detected in the deposition regions again, indicating production of
hydrogen along with Zn deposition, as is observed in the literature[23]. In the dissolution
region, m/Z values are observed at levels between -19 and -31 g/mol e-. This would
correspond to the removal of Zn from the surface along with the subsequent chemical
precipitation of ZnO or Zn(OH)2 onto the surface. During passivation, m/Z values
decrease as passivation proceeds and values of -10 and -4 g/mol e- are observed for the
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Figure 6-4: Current and Mass-Charge correlated response to 10mV/s CV in 8M KOH saturated
with Zincate. Blue: ECA Current Density, Orange: Correlated Mass-Charge Change response in
g/mol e-. Generated by dividing the time dependent change in mass by the time dependent change
in charge passed. Giving mass change per mole of electron passed which can be used to determine
the molar mass of species involved in electrochemical reactions at the surface of the electrode. PP1
and PP2 denote the locations of the first and second passivation peaks respectively. PR marks the
location of passive layer removal
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first and second passivation peak, respectively. These values are similar to the values
observed in the 4M KOH solution in the 10mV/s scan. It would indicate that the
mechanism of passivation in this condition is the result of chemical precipitation of ZnO
or Zn(OH)2 onto the surface. Passivation removal is taken to be 1.8g/mol e- in this
sweep. Having gone positive, this would indicate that mass is being added to the surface
using anodic current. This could be a charge transfer process converting the passive ZnO
or Zn(OH)2 on the surface to an active species like Zn(OH)3 or Zn(OH)4-2. This suggests
that this too changes with the change in solution concentration.

When looking at the m/Z values across all of the sweep rates in the 8M KOH
solution several trends are observed in table 6-2. First is that in the deposition region
values rang between -13 and -40 g/mol e- without an observable dependence on sweep
rate. It can be concluded that Zn deposition and hydrogen evolution occur in the
potential range without regard to sweep rate and deposition processes appear to be
somewhat independent of sweep rate. During dissolution, m/Z values again do not
appear to follow a trend with sweep rate and have values that range between -4.4 to -31
g/mol e-. The depressed values, particularly near -5 and -10 g/mol e-, would suggest that
during dissolution the buildup of chemically precipitated ZnO or Zn(OH)2 is occurring on
the surface in a lead-up to passivation. Then, when looking at passivation peaks, we
observe values of, at most, -20g/mol e-, and down to -3.2g/mol e- across the sweep rates.
This shows that passivation is the result of a chemical addition of mass onto the surface
and not the result of an electrochemical process. This would indicate that passivation at
the 8M KOH solution is solely a result of chemical precipitation of material onto the
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Table 6-2: m/Z values in g/mol e- during points of interest during CVs of various sweep rates in 4M KOH
saturated with .2M zincate
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surface in the vein of the mechanism proposed [17]. The removal of the passivation layer
is seen to have values that are both positive and negative but near 0 and not
corresponding directly to an electrochemical conversion of species, as previously
discussed in the 1M KOH chapter. It is possible that the removal mechanism changes
with OH- strength, as does the passivation mechanism, and in this case, there is an
electrochemical reaction that reacts with ZnO to form a Zn(OH)2, or with Zn(OH)2,
forming a Zn(OH)3 species on the surface, which is subsequently removed through
chemical dissolution.

Influence on Hydroxide Concentration on Passivation

It has been observed that mechanism appears to change with the concentration of
KOH present. This is shown in Figure 6-5, which plots the m/Z values for the 2mV/s CV
sweeps in each of the solutions. We observe that the first passivation peak moves from
being around -38 g/mol e- (associated with the removal of ZnO) in the 1M to -15g/mol e(which can be associated with mixed removal and chemical precipitation) and the 4M
KOH solution. This value remains the same between the 4M KOH and 8M KOH
solutions, suggesting that there is the removal of Zn occurring along with the chemical
precipitation of an oxide or hydroxide type species onto the surface. The onset of
passivation in these solutions is then a result of the critical buildup of precipitated
material on the electrode. The second passivation peak values show a clear and linear
trend through the three solutions. Starting in the 1M KOH solution, values are associated
with the removal of ZnO and Zn(OH)2 from the surface of the electrode, supporting the
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Figure 6-5: m/Z values of passivation peaks in 2mV/s sweeps as a function of KOH concentration in KOH
electrolytes that fully saturated with zincate.

135

adsorption model described in the 1M KOH section. In the 4M KOH solution, this value
declines to -35g/mol e- , which is indicative of the removal of ZnO or Zn(OH)2 while
material is added back onto the surface. This suggests that a mix of both the adsorption
and precipitation mechanism are responsible for the final passivation of the electrode.
Then, in the 8M KOH solution, the precipitation mechanism appears to dominate the
passivation of the electrode as the values go to -20 g/mol e- in the second passivation
peak. This clearly indicates that the passivation mechanism changes as a direct result of
OH- concentration of the solution.

It is pertinent to revisit the dissolution-precipitation model by Szpak and Gabriel
and immediately one notes that the model is predicated on the polymerization of Zn(OH)3
species. The mechanism is diagramed below in figure 6-6. This occurs after two things
occur first the local solubility of Zn(OH)4-2 is achieved forcing Zn complexes to take the
form Zn(OH)3. Second then is reaching local saturation of Zn(OH)3 near the surface of
the electrode. At which point polymerization of the Zn(OH)3 complexes begins to occur
trapping newly formed Zn(OH)2 ads species onto the surface. These Zn complexes then
begin to precipitate onto the surface in the form of ZnO. ZnO layer quickly covers the
surface and is considered to occur in milliseconds[16], [17], [23].

Then there is a clear explanation for the pH dependence observed in figure 6-5.
Figure 6-7 shows what fraction of each possible zinc complex are present at a given pH.
As pH increases toward 14 the fraction of Zn(OH)4-2 trends towards one and all other
species fractions in solution trend towards zero. This includes the Zn(OH)3- complex that
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Figure 6-6: Schematic of Dissolution and Precipitation Mechanism.
Reprinted from Bockelmann et al
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Figure 6-7:Distribution of Zn species in alkaline solutions as a function of pH at 25oC
reprinted from Bockelmann et al.
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participates in precipitation mechanism described above. As such as OH- concentration
increases the relative saturation point of Zn(OH)3- decreases reducing the requirements
for polymerization of these species to occur and then trapping material on the surface of
the electrode. As noted before once the reaction starts to occur full passivation is
achieved rapidly likely much faster than the adsorption ZnO in oxide pores seen to
dominate the 1M KOH solutions. At 1M KOH the precipitation mechanism is observed
as the relative solubility of Zn(OH)3- is high enough that it solubility limit is never reach
before direct ZnO or Zn(OH)2 formation in the pores can cause passivation of the surface.
This would explain the sweep rate dependence of the mechanism observed int eh 4M
KOH experiments. At the lower sweep rates there is time for the concentrations at the
interface to adjust and for Zn(OH)3 – and Zn(OH)42- to diffusion away from the electrode.
As such the in pore ZnO adsorption mechanism is preferred as the passivating
mechanism. At the higher sweep rates though the Zn(OH)3 and Zn(OH)42- cannot move
away fast enough to stay in the solubility limits. Once polymerization of the
Zn(OH)3- begins to occur the surface of the electrode is rapidly passivated.

These results indicate one strategy cannot be approached to address passivation in
all Zn alkaline solutions and needs to be tailored to the specific solution used for
experimentation. This would also explain why the literature has thus far not been able to
come to agreement on the passivation mechanism and the likely deposition and
dissolution mechanism, as these would change with variations in OH- concentration of
the solutions used. As such, it is necessary to understand the mechanism of a specific
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solution utilized in a device before a successful strategy can be developed to deal with
passivation, control deposition and dissolution, and reduce hydrogen evolution.

Conclusion

A study of Zn electrodeposition, dissolution and passivation in various alkaline
electrolytes has been conducted. It has been shown that the passivation mechanism
changes with OH- concentration of the solutions moving from an adsorption model to a
dissolution precipitation mechanism with increasing OH- concentration. Additionally,
formation of the native oxide layer was observed in all saturated solutions but not in all
half-saturated solutions. The nature of these oxide layers appears to change with OHconcentration as well becoming more compact with increasing concentration. This
means that each different solution configuration of Zn in alkaline electrolytes needs to be
treated differently with varying approaches to deal with Zn corrosion, native oxide layer
films, and passivation. This would also explain the issues that plagued the academic
community in determining mechanism of passivation as they were all likely to occur in
different solution configurations. This would suggest that the mechanism of Zn
deposition and dissolution also changes with changes in OH- concentration and require
further study to clarify.
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CHAPTER 7:
USE OF CARBON SUPPORTS TO IMPROVE
PERFORMANCE OF NEGATIVE ELECTRODE

141

Introduction

Studies using in situ ec S/TEM and EQCM has been undertaken to understand the
processes at the Zn electrode. These have shown that Zn deposition and dissolution may
cause dendritic growth through a mechanism of detachment and reattachment of Zn to the
electrode during cycling. Uneven growth size and rate was observed across the electrode
and COMSOL simulations demonstrated that local overpotential and Zn2+ variations were
the cause of these variations. EQCM studies have shown that passivation process is
highly dependent on concentration of OH- in solution. At higher concentrations a
precipitation reaction linked with reaching the solubility limit of zincate in the electrolyte
near the electrode’s surface. As concentration is decreased the mechanism becomes a
mix of a precipitation and adsorption type phenomenon until it is dominated by the
adsorption mechanism in which the passivating film is formed directly on the surface of
the electrode when zincate cannot be transported away at sufficient rates. These issues
are inherently mass transport controlled.

The problems that plague the negative electrode in Zn-air batteries have been
shown by this fundamental work and others to be dominated by mass transport[1], [11],
[16], [23], [57], [136]. Dendrites are a result of uneven distribution of Zn to the electrode
surface, passivation is heavily tied to slow diffusion of Zincate away from the electrode
surface, and shape change is due to uneven distribution of all active species throughout
the electrodes volume[13], [16], [50]. As has been discussed before, Zn electrodes have
historically had poor mass transport properties[1], [2], [23]. A more ideal Zn electrode
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would be one with three properties. First, it would improve mass transport by providing
a large surface area for reactions to take place, reducing the mass transport issues locally
on the electrode. Second, it would have a porous structure to allow for convective flow to
evenly distribute the active species in the electrolyte. Finally, there would be a
conductive base structure that reduces IR losses and provides a stable base structure to
revert back to if shape change becomes an issue.

There have been several efforts to improve on the mass transport and overall
performance of the Zn electrode systems, most notably the Rolison group, who has
developed a connected network of Zn cores covered in ZnO[67], [68], [137]. These have
produced improved cycling life, efficiencies, and overall performance with a symmetric
cell achieving 25mA/cm2 over 30 cycles at 90% Current Efficiency[68]. This represents
a significant progress over previous setups where failure after 5 to 10 cycles at
10mA/cm2 was common. Others have suggested using porous copper electrodes that can
sustain electrolyte flow for Zn-air battery systems[69]. These have been shown to
dramatically increase the performance of the electrode and reduce the issues related to
mass transport, achieving 600 cycles at 50mA/cm2 of current density. However, over
time, it is noted that efficiency declines from 60% down to 10% in that experiment[69].
A number of other Zn battery systems have been either hybrid or fully flow batteries and
have been shown to improve the performance of the systems[56], [66].

Carbon-based felt and paper supports have not previously been investigated for
their performance on these systems and pose a number of potential advantages. First,
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they are well studied for other flow battery systems and readily available also making
them cheap to obtain[4], [138]–[141]. Second, they are easy to work with and are
mechanically flexible and can be incorporated into various electrode geometries easily.
Additionally, they are stable in the alkaline environment and are highly conductive.
Finally, they are easily modified for different physical and chemical properties with
varying porosities and thicknesses as well as differencing surface structure and inserted
addon groups to improve performance.

Characterizing Zn Deposition onto Carbon Felts

Polarization Curves

Figure 7-1 shows the flow-dependent polarization curve of the 2.5EA felt in the
symmetric cell setup, at flow rates of 0, 5,10, and 15ml per minute. At the 0 and 5ml/min
flow rates, little difference is observed until the overpotentials greater than 30mV are
applied. The current density reaches 40mA/cm2 of current density at 30mV for both
deposition and dissolution in the 0 and 5ml/min flow condition. Then the current
responses start to deviate from each other with the 0ml/min polarization curve developing
the a non-linear trend of increasing slope. This indicates that the quiescent condition is
limited by mass transport of Zincate to the electrode’s surface at the higher
overpotentials. Only at overpotentials above 30mV does the 5ml/min flow improve the
mass transport properties of the cell enough to improve the current density observed in
comparison to a quiescent condition. It maintains its linear slope through the remainder
of the experiment, achieving 120mA/cm2 at 40mV during a deposition step.
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Figure 7-1: Polarization curve of Carbon felt at various flow rates. Preconditioned for 30min at
20mA/cm2 of current density at 10ml/min of flow. Dissolution occurs in positive potentials (above black
line) and deposition occurs in negative potentials (below black line)
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At the higher flow rates of 10ml/min and 15ml/min, the current achieved at 20mV
of overpotential is near 95mA/cm2 and 155mA/cm respectively. This consistently
outperforms the two lower flow rate cases in both reaction directions. Further, each
additional increase in flow rate corresponds to an increase in current density achieved at a
given overpotential. This shows that there is a critical rate of flow necessary to see a
significant impact on the system performance at lower overpotentials. Once this flow
rate is achieved, a subsequent increase in flow rate appears to increases the ability to
generate current from the electrode.

In each flow condition, the dissolution reaction step appears to be slower than the
deposition reaction. Particularly at higher overpotentials and higher flow rates, the
disparity between the deposition and dissolution reactions becomes relatively large. For
instance, in the 15ml/min flow condition at 15mV of overpotential during dissolution
only 90mA/cm2 of current density is achieved while 110mA/cm2 is achieved during the
deposition potential step at the same over potential. In the 10ml/min flow condition there
is similarly a 40mA/cm2 disparity between the deposition and dissolution at 35mV. This
is likely a result from the cell setup where any zinc consumed or released by the working
electrode is counter-balanced by the equal and opposite reaction at the counter electrode
which is a 2.5 EA felt with Zinc loaded into it. Since the electrolyte is at the saturation
point of zincate in the solution, the deposition reaction has the optimum reaction
conditions for high current at low overpotentials, while in the dissolution reaction, there
is not a lot of room for more zincate in the solution. As shown in the high molarity
EQCM chapter 4M NaOH solutions will be more sensitive to the relative concentration
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of Zn in solution and a passive layer may begin to precipitate. This limits the rate at
which zinc can be removed and may even lead to some minor passivation of the
electrode. The current densities achieved is still a significant improvement upon the
standard near or below 10mA/cm2 [1], [10], [142]. This is even is an improvement on the
copper electrode demonstrated by Bockelman et al[69].

Chronopotentioametry

To study the operations of Zn deposition in the felt during a charging experiment,
Zinc was deposited into felt samples at 40mA/cm2 at a flow rate of 10ml/min using 4M
NaOH saturated with zincate at different lengths of time. These felts were analyzed
under SEM to understand how the deposits evolve over time. Figure 7-2 shows the
evolution of Zn deposition at different points in time overlaid on the potential curve of
the charging experiment from where the felts were removed from the cell and examined.
In looking just at the potential curve over time we see that initially, the potential is very
positive vs the zinc reference potential. Since the carbon felt does not have any zinc on
it, electrochemistry is dominated by carbon, which is much more positive in reference to
zinc, at approximately 1.7V vs Zn/Zn2+. The potential drops precipitously during the first
50 seconds of the experiment before it levels off and starts to trend towards 0V vs Zn
over the rest of the experiment.

The initial potential drop appears to be the onset of nucleation and initial growth
of zinc deposits in the felt structure. Looking at the SEM images of the felt after 50
seconds of deposition we see that there are no large deposits visible from the lower
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Figure 7-2: Potential curve of Zn deposition into 2.5EA felt at 10ml/min flow rate and 40mA/cm2 of
current density in 4M NaOH saturated with Zincate. SEM images of felts charged to the indicated times
are shown above the potential curve. Showing Zn deposits as silver color and the carbon felt as black
tubes.
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magnification image. In the higher magnification image we see small deposits, about
between 1 and 10 microns in size interspersed throughout the felt, forming what appear to
be initial nucleates. The nucleates populate the entire volume of the felt’s structure.

After 50 seconds, the overpotential smooths out in what appears to be a pure
growth phase of the experiment. The overpotential trending towards 0V vs Zn also
indicates that as the experiment proceeds it becomes easier for zinc to be deposited into
the felt. This suggests that there is more zinc surface area for deposition to occur upon.
This is observed in the low magnification SEM images of the 30-minute and 60-minute
samples. In both, deposits are localized near the right side of the electrode which faced
the anion exchange membrane, but there is substantially more free Zn surface area in
both for deposition to occur on. At 30 minutes in the low magnification image, Zn is not
observed to have filled in the pore volume significantly. In the higher magnification
image, this is confirmed. Further, the zinc deposits are mostly focused around the fibers
of the felt and not reaching into the void space between the carbon fibers, confirming the
observation from the SEM analysis of the first cycling experiment which will be
discussed later in this section.

The 60-minute deposition felt has zinc through essentially the same region near
the right most 500microns of the felt, again near the membrane, but the zinc has filled in
the voids seen previously in the 30-minute felt sample. The high magnification image
shows a rod-like structure developing around the carbon fiber and larger deposits that are
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forming into the voids of the felt. Again, this confirms the notion that Zn deposits cover
the fibers before growing in the pore structure.

In both the 30- and 60-minute time steps, Zn growth was focused on or near the
side of the felt that was in contact with the AEM, despite nucleation of zinc deposits
throughout the felt volume. The growth of Zn focused on the 500microns nearest the
membrane, with no apparent change in the size of the primary deposition region between
the 30- and 60-minute samples. This shows that the conditions near the membrane for
deposition were optimal for growth by filling in the pores instead of growing new zinc
surface throughout the entire body of the felt. There are few exceptions in the 60-minute
sample where deposits can be seen periodically on the left edge. These can be attributed
to the large concentration of zinc from the flow field that contacted that edge of the felt,
overcoming the conditions that preferred deposition near the membrane side.

Preferential deposition observed in the 30- and 60-minute felt characterization has
large implications over how the battery would behave during cycling. The jumps in the
potential curve, as small as they were, may be a result of the preferential growth near the
electrode experiencing sudden changes in available surface area as a void area is blocked
off, eliminating access to new zincate species. Additionally, it may be preferable to have
zinc deposition fill in from the membrane towards the flow field so as to allow
maximization of flow through the felt, or vice versa, to promote hydroxide movement
between the sides of the battery. Until deposition into the felt is well understood these
factors cannot be controlled for and thus optimization is not possible.
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Figure 7-3 shows the removal of Zn from the felt during discharge at 40mA/cm2
over an hour after an hour of charging at 40mA/cm2. First, we see that there is still a
large amount of Zn still in the felt after 5 minutes of dissolution, that there is a
concentration towards the side that was near the membrane (right) as well as some near
the flow field side (left), but the middle is relatively empty, as seen before in the
deposition experiment. After 30 minutes, we see that the Zn that was deposited near the
flow field has been largely removed with the bulk of Zn is still present, near the
membrane side. After an hour, all of the Zn in the felt, with a few exceptions of small
deposits in the center, is concentrated near the membrane side of the felt cell. The
potential curve during the experiment jumps to near 10mV of overpotential at around the
5-minute mark and climbs to near 25mV after 30 minutes. After this, it plateaus for
about 20 minutes and then declines to about 15mV of overpotential to end the
experiment. This suggests that during the middle of the experiment there was Zn that
was inaccessible for removal and thus required more potential to maintain current. This
could be the result of the removal of the Zn near the flow field and pores blocking the Zn
near the membrane from being fully accessed. As the potential declines, some the pores
may have been opened up, revealing more Zn surface that can be utilized to produce
current. Figure 7-3 also shows that Zn is removed in the reverse order that it is added to
the electrode. This can possibly be attributed to the direction of electrolyte flow where
the electrolyte moves in and out of the left sides of each of these electrodes. The flow
brings in new OH- to react with the Zn and would interact with the Zn on the flow side of
the electrode first as such it is natural for Zn to be targeted there first. This suggests that
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Figure 7-3: Shows deposition and dissolution steps at 40mA/cm2 in 4M NaOH saturated with Zincate
flowing at 10m/min for an hour during each step. SEM images taken of felts charged then discharged to
specified times to observe the removal of Zn from the volume of the felt. Scale bar for all of the images
is 500µm.
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the flow properties of the cell are important factors in the performance of the system and
warrant further study to optimize their use.

Preferential Deposition

To better understand zinc deposition under these conditions, flow rate and current
dependence experiments were conducted. In these observations, no dependence on flow
rate was observed. However, as can be seen in Figure 7-4, a clear dependence was
observed in the current applied. Here SEM images taken from felts that underwent
deposition at different current densities for different times are shown with references to
which side of the felt was closest to the flow field electrode side and the anion exchange
membrane side.
During the 10mA/cm2 experiment zinc deposits initially formed through the
middle of the felt in the 5-minute sample dispersed well through the length of the felt. As
deposition progresses in the 10-minute experiment zinc deposits appear throughout the
thickness of the felt forming relative uniform deposits in the middle center that are larger
and more developed than around the edges of the felt. In the 30-minute experiment, the
zinc deposits are the most evenly dispersed through the felt than in the previous samples
and appear to cover the felt more evenly through the thickness of the felt. The relative
evenness of the deposition through the felt shows that the process proceeds relatively
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Figure 7-4: SEM images of felts after deposition for different time periods at 10
and 100mA/cm2. Images are all 80kx, the left side was the current
collector/flow field side and the right was always in contact with the AEM.
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close to a steady state where gradients in potential, current, hydroxide or zincate species
do not develop.
In the 100mA/cm2 experiment, deposition initially appears to be somewhat evenly
dispersed with large deposits through the body of the felt but localized near the
membrane. The 10- and 30-minute samples show the concentration of zinc deposition
near the membrane in the same fashion as seen in the 40mA/cm2 experiment before.
This shows a current density dependence in the cell preventing even distribution of zinc
deposits in the felt.

To study the localization of deposition phenomenon further, IR drop in the felt during
deposition experiments was measured by sandwiching the felt between two reference
electrodes after 30 min of deposition at 20mA/cm2. The results, displayed in Figure 7-5,
show that as current density increases in the felt, the IR drop through the thickness of the
felt increases linearly. The IR drop is observed to be in the 10s of mV which is
significant given the overpotential operated in this system where overpotentials are often
less than 20mV.
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Figure 7-5: IR drop in 2.5EA at different current densities during a deposition step in
4MNaOH saturated with Zincate flowed at 10ml/min. After 30min of deposition at
20mA/cm2 to precondition the cell.
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It is useful at the point to recall what is occuring during deposition in the alkaline
electrolyte. First a negatively charged zincate ion must approach the surface of the
electrode, intially this will be a carbon surface. Deposition then will occur through one
of the mechanims described in the introduction and a Zn nucleate will form onto the
carbon substrate, releasing 4OH- groups. These groups in the symmetric cell will migrate
across the AEM and react with Zn on the counter electrode to electrochemcially disolve
the Zn.

Conceptually, when considering the implications of the IR drop in the felt, one needs
to remember that the overpotential represents the resistance to deposition in the felt. As
such in areas where the overpotential is higher, it requires more work to deposit material
onto the felt, whereas at lower overpotentials this work requirement is lower. When we
map the IR drop onto the felt shown in Figure 7-6, assuming a linear decay in potential
through the felt, we see that as it gets closer to the membrane, the overpotential is smaller
and in fact in the region of the 100mA/cm2 where deposition concentrated overpotential
was at or below 10mV. This would show a strong preference for deposition in that
region. Given that nucleation appears to occur everywhere in the system, it would not
make sense that nucleation preference caused the imbalance seen. Further modeling of
flow through such felt by Mench and others suggests that rate of flow in such a thick
material would not impact the concentration of ionic species significantly enough to
cause this concentration[143]–[145].
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Figure 7-6: Linear IR through the felt thickness on a 2.5EA sample that underwent 30min of 100mA/cm 2
of deposition in 4MNaOH saturated with zincate flowed at 10ml/min.
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The next aspect to consider then is the charge of the species and how that would affect
migration. During deposition of Zn the electrode is negatively charged balanced by the
counter electrode which has a positive charge with reference to the Zn/Zn2+ reaction.
However, the complex that zinc takes while in alkaline solution is the negatively charged
zincate, Zn(OH)42-, which will be repelled by negatively charged current collector
towards the membrane which is more positive. In fact, all of the active ionic species
involved with zinc deposition in these conditions are negatively charged and are going to
be drawn to the counter electrode and thus will migrate towards the membrane, which is
depicted in Figure 7-6. Deposition proceeds easily from there where there is an
abundance of the necessary components for the reaction to occur, and as growth
proceeds, an ample surface area upon which deposition can occur. At the lower current
densities, the imbalance created by the IR drop is lower because the IR drop is lower and
thus the migration of species occurs to a lesser degree, allowing for even deposition.

The IR drop and selective deposition and removal of Zn in the felt suggests that
only a part of the felt electrode is active at any point in time at high current densities.
This would, in turn, limit the performance of the felt at the higher current densities
desired for battery cycling. Ideally, in an electrode the potential experienced would be
universal throughout the electrode without any significant drops such that the driving
force for a desired electrochemical reaction is the same through the electrode. The
obvious implication here is that an imbalance does occur leading to a limited amount of
the electrode being utilized, reducing the overall efficiency of the electrode.
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Symmetric Cell Cycling

Symmetric cell cycling demonstrated good performance as seen in Figure 7-7
where a cell was cycled 31 times at 40mA/cm2 in an hour charge and an hour discharge
cycle. The cell was preconditioned with the first deposition step being 20% longer than
the rest of the steps to target an 80% depth of discharge. The overpotentials achieved
observed during cycling remained well below 50mV of overpotential during much of
both charging and discharging steps.
The charging step (negative potentials) was the initial step, which had an
overpotential of about -65mV and subsequently dropped to below -50mV for much of the
rest of the charging steps. During charging, the form of the potential curve remains
relatively unstable where there is often a sharp downward peak at the beginning of the
charging step. This is indicative of a nucleation type step occurring, suggesting that most
of the Zn was removed during the discharge step. Then the overpotential decreases and
plateaus during the middle of the charging step as Zn is added to the electrode in a steady
state type process. Towards the end of the charging step, the overpotential often spikes
and increases, indicating some sort of instability occurring in the cell during the charging
process. This is likely due to an imbalance on the counter electrode where there was
insufficient zinc to be removed from the counter electrode and carbon corrosion occurred,
as indicated by a change in electrolyte color from clear to brown and a near total
degradation of the felt observed in post mortem analysis. This is discussed later in this
chapter.
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Figure 7-7: Cycling experiment potential time curve. Showing cycling at 40mA/cm2 in 4MNaOH
saturated with Zincate at 10ml/min in a 2.5EA felt. Negative potentials are charging steps and positive
potentials are discharging steps.
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During the discharge step (positive potentials), we observed much more
consistent potential changes in each step where overpotential would start near 20mV and
steadily increase over time toward 50mV of overpotential. This was the set limit for the
experiment during this step to prevent corrosion of the carbon felt at higher
overpotentials. As discharge proceeds, the increase in overpotential would indicate that
Zn is being removed from the electrode, reducing the surface area of zinc on the electrode
and the zinc available to be consumed, leading to larger overpotentials required to
maintain the current. This behavior is similar to that seen other zinc battery systems, in
D
particular those produced by the Rolison group[67], [68]. Notably, this cell was cycled at
nearly twice the current density that the Rolison group initially demonstrated their
electrode at, which was 25mA/cm2. During cycling, the performance of the battery
appears to improve during discharge as it no longer reaches the limiting overpotential,
indicating possibly a break in period for the electrode to achieve optimum performance.

Post mortem SEM analysis shown in Figure 7-8a of the initial cycling experiment
shows that the Zinc (white) during the deposition step fills in the body of the felt
relatively well. Large voids occurred in the felt volume where Zn did not deposit,
suggesting unevenness in the deposition of Zn during charging in the cell. Notably, there
appears to be a uniform layer of Zn near the membrane on the right side of the felt, which
was discussed previously.
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Figure 7-8: Postmortem images of 2.5EA felt from the cycling experiment showing where Zn
deposited into the electrode's volume.
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When looking at the felt structure closer we see that the zinc has deposited around the felt
fibers, encasing them completely (Figure 7-8b). This is encouraging for two reasons.
First, this indicates that the conditions of deposition are such that dendrites are not the
preferable structure to form. Second, by coating the carbon fibers, the surface area of Zn
on which direct growth can occur is optimized. In Figure 7-8c, the form of the zinc on the
surface of the carbon fibers appears to take on a rough, needle-like shape that appears to
be evenly distributed and relatively uniform in size. This would suggest that the onset of
dendritic formation is not likely since the deposits are uniform and none seem to be
outpacing their neighbors in a mass transport driven process, as is expected in typical
zinc anodes.

The void space of the felt is filled in with plate-like structures that appear to be
stacked on each other, as observed in Figure 7-8d. The formation of the plate structure
appears to occur only after the fibers are completely coated and the only growth direction
is into the pores of the carbon felt. These structures could possibly be dendritic type
growth occurring in the cell, but is contained by the structure of the felt, preventing the
dendrite from propagating to a point where it is detrimental to the electrode. During our
experimentation, we never observed a cell failure due to dendritic growth shorting the
cell, indicating that the system is resistant to shorting by dendritic growth.

Figure 7-9 displays the operation of a symmetric cell operating at longer time
frames and slightly higher current density. Here the cell operates at 4M NaOH saturated
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Figure 7-9: Long Term Symmetric Cycling experiment. 4hr charge 4hr discharge at 50mA/cm2 in
4M NaOH saturated with zincate. Flowed at 10ml/min. Using a 2.5EA KFD sigra cell felt as the
working electrode.
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with zincate, at 50mA/cm2 with 4-hour charging and discharging steps for an 8-hour
round trip generating a 1A hr cell operating at a 66% depth of discharge. During the
initial cycles, the cell starts at high overpotentials, above 50mV during charging, and
remains relatively unstable with large jumps during each step. During discharge, there is
initially an increasing trend in the overpotential, occurring as the material is removed.
Over time that trend goes away, and the overpotential appears flatter with no apparent
trend in the increases and decreases that occur during each discharge step. In the
charging steps, the potential increases in the first 5 charging steps, indicating resistance to
adding material to the electrode during these steps. Over the last 9 cycles, the charging
overpotential generally becomes smaller and becomes somewhat flatter but does not
become more consistent in its behavior.

When taking the average overpotential throughout the cycling experiment, we see
that it stays below 100mV and near 75mV during the first 6 cycles. After this, the
overpotential in each step improves and remains low, near 50mV of overpotential during
both charging and discharging. This suggests a larger trend of improvement of battery
performance as the cell is cycled and broken in.

These experiments demonstrate the ability to cycle these felts as electrodes over
long time frames at higher capacities, without degradation of the felt and retaining low
overpotentials during each step. However, the overall overpotential remains unstable
with many unexplainable features that indicate a number of unknown phenomena are

166

occurring during the cell. This requires a closer look at the operations of the cell and, in
particular, the deposition reactions during charging.

Impact of Flow Rate
Figure 7-10 shows cycling efficiency of felts being cycled at 40mA/cm2 to form a
200mAhr cell without any preconditioning step at 10ml/min and 25ml/min. Both have
somewhat inconsistent behavior with the 10ml/min experiment varying between 99% and
near 0% efficiency, with a slight decline towards the end of the test to near 90%. For the
25ml/min experiment, the efficiency varies more than the 10ml/min experiment but
remains near 50% for much of the experiment. It is notable that the efficiency has
declined significantly with only a variation in flow rate of the electrolyte through the felt.
Further investigations of the cycles is required to understand what is occurring in the felt.

The 0% efficiency cycles are a result of the potential at the start of the
dissolution cycle spiking beyond the voltage limit set to preserve the electrode. This can
be seen in Figure 7-11, which shows the capacity potential curves of the charge and
discharge of the 140th cycle of the experiments. Lines below 0V are the charging curves
and the curves above 0V are the discharge curves. The discharge curve for both show a
spike to near 1V at the start of the discharge step which then declines as the dissolution of
Zn begins to occur rapidly. This may indicate that dissolution initially may be limited,
possibly by Zn material near the felt flow field which where it was previously observed
to start. When observing the charging steps (negative potentials) we see that both have
similar potentials and overlap for much of the experiment, with overpotential starting
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Figure 7-10: Cycling efficiency of symmetric cell using 2.5felt at different flow rates. Cycling conducted
at 40mA/cm2 1hr charge 1 hr discharge forming a 200mAhr cell in 4M NaOH saturated with zincate.
Electrolyte flowed at 10ml/min and 25ml/min
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Figure 7-11: Potential curves during 140th cycle both the 10ml/min and 25ml/min flow condition cycling
experiment from figure 10
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near 750mV before declining to near 100mV of overpotential during the remainder of the
cycles.

During the discharge step the potentials differ greatly. The 10ml/min cycle
declines from its initial spike to near 100mV of overpotential before increasing near
175mAhr of capacity discharged, climbing eventually to near 1V of overpotential. The
25ml/min cycle shows a decline in overpotential to near 250mV before increasing at
50mAhr of capacity discharged and hitting the limiting potential at about 100mAhr of
capacity discharged. What can be seen is a loss of capacity the is only attributable to the
change in electrolyte flow.

To explain this is the observation of large Zn deposits noted in the electrolyte
reservoir after the 25ml/min flow experiment but not after 10ml/min flow experiment.
The suggestion then would be that Zn deposits are being mechanically removed from the
felt structure at the higher flow rates which would reduce the capacity of the cell
significantly. This could be a result of the detachment mechanism described in the in situ
ec-S/TEM chapter. Where a deposit undergoing dissolution has the material attached to
its base weakened or removed and becomes detached from the carbon felt and is swept
away by the electrolyte flow. Also notable is that the overpotentials during the charging
steps did not differ at all so there was no improvement during charging, which would be
expected from the increased flow rate. This indicates that flow in the felts needs to be
further studied to optimize the performance of the felts.
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Carbon Corrosion

As discussed and demonstrated, cycling experiments have been conducted that
show the felt can be cycled with a high level of stability and without degradation of the
felt material. But if the felt is brought to a potential above 1V vs SHE the felt starts to
degrade. This starts to remove the surface that Zn can be deposited on and reduces the
performance of the electrode. Over time, the electrode can be completely removed,
causing failure of the cell. Carbon corrosion can be seen by the browning of the
otherwise clear electrolyte, making detection easy. Limits placed on the electrode’s
potential can also prevent this from occurring relatively easily.

Conclusion

An initial study was conducted demonstrating the feasibility of using carbon felts
as anodes in alkaline Zn battery systems. Polarization curve studies demonstrated that
the addition of flow through the felt dramatically improves the performance of the cell,
reducing the overpotential high current density steps to near 20mV at 100mA/cm2 of
current density. Cycling experiments show steady overpotential behavior after a break-in
period during the initial cycles. Cycling was conducted at 50mA/cm2 while keeping
overpotential for both charging and discharging steps below 100mV of overpotential at
all times and under 50mV during extended cycling. Deposition of Zn onto the carbons
felts was shown to conform well to the fibers in the felt encompassing them before filling
in the void space of the felt. During the initial deposition of Zn, deposits are observed
throughout the felt at all current densities. As growth progresses at higher current
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densities the growth localizes near the membrane separator, and at lower current densities
deposits are spread through the felt evenly. This is attributed to the higher IR drop across
the felt observed in higher current densities, which then drives migration of the negative
active species towards the more positively charged membrane.
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CHAPTER 8:
CONCLUSIONS AND FUTURE WORK
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Summary

For decades fundamental questions about Zn electrochemistry, mechanism of
deposition, dissolution and electrode passivation, have remained unresolved. As solely
electrochemical techniques have thus been unable to answer these fundamental questions
studies of Zn electrochemistry were conducted using in situ Electrochemical Scanning
Transmission Electron Micrsocopy (in situ ec-S/TEM) and Electrochemical Quartz
Crystal Microbalance (EQCM) were used to study different aspects of the system. From
which a potential mechanism of dendrite propagation was proposed. As well as a theory
for the modification of passivation mechanism by as pH changes in solution. Carbon
felts were also investigate for their use as negative electrodes in Zn alkaline battery
systems and were to be found a promising candidate.

The first studies were conducted using in situ ec-S/TEM in both acid and alkaline
electrolytes to observe nucleation and growth of Zn at high resolution. It was possible to
observe both growth and dissolution of Zn deposits. Zn deposition was observed to add
both height and area to particles proportionally. Dissolution however was observed to
remove area at a faster rate than it did from the height of the particle. Dissolution of
particles was observed to stop before the particle was removed suggesting that it had
become detached from the surface of the electrode. This was determined to be the result
from the removal of Zn across the entire perimeter of the deposit. This provided a
possible mechanism for Zn dendrite propagation during charging and discharging of a
battery electrode. Where by a particle that has grown during the charging step becomes
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detached from the electrode during the discharging step resulting from removal of
material at the base. The particle will then become inert and not dissolve anymore. If
this particle remains near the electrode’s surface subsequent charging steps can reconnect
the particle to the electrode and it can grow again. As it was not fully dissolved in the
previous discharge step it can access more Zn ions in solution and grow faster than its
neighbors, eventually becoming dendritic as this cycle repeats. If the particle does not
stay near the electrode after it has detached from the electrode the charge stored in that
particle is lost and represents a reduction of capacity of the cell. If this happens
repeatedly this could cause significant decline in the cell’s capacity and cycling
efficiency.

COMSOL modeling was done to simulate in situ ec-S/TEM cell to understand
how its unique geometry impacts the electrochemical performance of the cell. Real
world in situ experiments with solutions of sulfuric acid with Zn2+ were simulated. It was
observed that the height of the cell restricts diffusion of analyte to the large upward
facing plane of the working electrode. Electrochemistry was dominated by twodimensional diffusion of analyte to the edges of the electrode. The working electrode
was seen to be particularly active along the edge that faced the counter electrode and in
this region the curved tip was the most active. This results from two-dimensional radial
diffusion to that part of the electrode. As such the tip of the electrode facing the counter
electrode dominates the current generated and is the only area where particle growth can
be correlated directly to current passed. The dominance of diffusion in the XY-plane
likely contributes to rougher deposit morphology observed and could inhibit growth that
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would normally be seen in a bulk electrolyte condition. It is concluded that other in situ
cell geometries be studied to determine how they deviate from standard electrochemical
assumptions.

EQCM was utilized to observe the mass changes on the Zn electrode during CV
sweeps in 1,4 and 8M KOH. It was observed that a porous native oxide layer is present
on the Zn electrode in solutions of 1M KOH half and fully saturated with Zn(OH)42-.
This oxide layer was present on the surface of the 4 and 8M KOH solutions saturated
with Zn(OH)42- but no the one that were only half saturated. This suggests that the
corroded Zn in the higher molarity solution that were not saturated was not able to build
up enough to reach the solubility limit Zn(OH)42- and form a stable oxide on the surface.
In the 1M KOH solutions and the 4 and 8M KOH saturated with Zn(OH)42- it then
concluded that Zn dissolution and deposition occurs through an oxide layer.

CV studies in the 1M KOH solutions concluded that the likely mechanism was
the direct formation of passivating ZnO or Zn(OH)2 on the interior surface of the pores in
the native ZnO layer. This builds up as mass transport of Zn(OH)42- is limited and the
ZnO or Zn(OH)2 layer cannot be dissolved faster than its produced and eventually pore
clogs up. The electrode becomes active again when potential is swept negative and the
passivating species are converted back to metallic Zn. The CV study in the 4M and 8M
KOH solutions displayed evidence that as OH- concentration was increased a
precipitation reaction was beginning to occur on the surface of the electrode. This effect
was seen to increase with increasing OH- concentration where the 8M KOH solution’s
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passivation was dominated by a precipitation reaction. While the 4M KOH solutions
showed mixed control between the precipitation and the adsorption type mechanism
proposed. It is concluded that the mechanism of passivation is controlled by the relative
fraction of Zn(OH)3- soluble in the solution. As it is theorized it starts the polymerization
on the electrode that initiates passivation through precipitation. The relative fraction of
Zn(OH)3- in solution decreases with increasing pH and as such at the lower pH solutions
it does not factor into passivation. As pH is increased the solubility of Zn(OH)3- goes
down and it is easier to reach the saturation point where polymerization occurs leading to
passivation. This phenomenon would suggest why there was never agreement on
passivation mechanism in the literature as any change in the solution pH will change the
result observed. It also means that each Zn system must be treated differently to control
passivation. For example in higher molarity KOH solutions the addition of convective
flow would help prevent the build up of Zn(OH)42- and Zn(OH)3- near the electrode’s
surface delaying or even prevent passivation. However in the lower molarity KOH
solutions adding in convective flow will not prevent the build up of ZnO and Zn(OH)2 in
the pore interior and as such an additive like SiO3 which has been shown to reduce the
formation of ZnO on the surface as it occupies surface sites blocking dissolution of Zn.
Which in turn prevents the build up of ZnO and Zn(OH)2 on the surface delaying
passivation.

Porous carbon felts were studied in flow cell experiments to observe their
potential as negative electrodes in a Zn-air battery system. It was shown that high current
densities of 100mA/cm2 at 20mV of over potential could be achieved. Increasing flow
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rates was shown to improve the current output of the electrode. It was found though that
increased flow rate could impact the cycling efficiency and flow through the electrode
needs to be optimized further. Symmetric cycling experiments showed 50mA/cm2 of
current density could be achieved with overpotentials under 100mV for both discharge
and charging. Localization of Zn material at the AEM of the symmetric cell was
attributed IR drop in the felt.

Future Work

When considering future work there are a number off shots that this dissertation
suggest would be noteworthy that are tied to both phenomenon and technique.

First

would be the continued modeling of the in situ ec-S/TEM cells, particularly with regard
to flowing electrolyte and different types of electrochemical systems that include
multistep processes and non-aqueous electrolytes that the present modeling does not
include. Also any new geometry being used should be modeled to see how it changes
conditions. This is necessary to properly understand the results from these experiments
and would possibly help optimize conditions to create experiments that more closely
match general electrochemical assumptions and conditions. To properly observe initial
steps in deposition it is suggested other techniques are used, until at least H2 evolution
can be mitigated. One that comes to mind is in situ ec-SEM which may allow for larger
cells that closer adhere to bulk conditions and assumptions may not be as susceptible as
TEM cells to dewetting. While still colleting data at a relatively high resolution allowing
for the observation of different growth phenomenon.
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EQCM studies can be continued to be used as a diagnostic experiment to study
the influences of different parameters to deal with passivation and various other issues in
on the Zn electrode. It would be particularly well suited to study the influence of
different additives on the surface of the electrode. In a similar manner in the studies
conducted here it could be used to determine how Zn passivation is affected by different
additives placed on the surface. Additionally more work needs to be done to study the Zn
alkaline interface and understand how it changes under different pH conditions and how
that will impact both deposition and dissolution of Zn. This could be done using EQCMD which can sense into either an attached film or electrolyte measuring mechanical
properties and a model can be developed of the region. Spectroscopic ellipsometry
measurements would additionally be informative in providing information about the
roughness and general structure of the ZnO layer on the surface of the electrode.

For the felt work more studies need to be done to understand the optimal flow
conditions and fields for cycling. Additionally a broader study of different types of felts
with different surface compositions, conductivities and porosities need to be studied to
understand the ideal structure of these electrodes to be used in a Zn-air battery cell.
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Figure A-1: Au Pourbaix Diagram in the from pH 12 to pH 15 at 25oC
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